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Nomenclature of Amino-acids and Vitamins 


The Commission for the Reform of Biochemical 
Nomenclature of the International Union of Pure 
and Applied Chemistry has adopted Rules 1-5, 8 
and 9, previously agreed between British and 
American chemists and biochemists and published 
(1948) in the Riachem TT 42 1 


which have trivial names; allohydroxy-t-proline, allo- 
hydroxy-v-proline, allohydroxy-t-lysine, allohydroxy-p- 
lysine, and similarly for the enantiomorphs of the dia- 
stereomers named as derivatives of amino-acids which have 
trivial names. Where the position of the substituent group 
is designated the names take the form allo-4-hydroxy-t- 


Addendum: Physico-chemical examination of polysaccharide A 
By J. M. Creeth and B. R. Record 


Volume 52 (1952), No. 1 


p- 31, col. 2, line 3: for 
p. 31, col. 2, line 1 under Table 1: for 


0-11 read 0-08 
49% read 3-5% 


The estimation of serum bilirubin 
By J. Patterson, J. Swale and Cora Maggs 


Volume 52 (1952), No. 1 


p- 100, col. 2, line 25: for 


sulphate 


read sulphamate 


The biosynthesis of protein. 1 
By P. N. Campbell and T. S. Work 


Volume 52 (1952), No. 2 


p. 220, col. 1, line 7: for 


1 ml. and 9 ml. read 


2 ml. and 8 ml. 


Anaerobic and aerobic glycolysis in lactating mammary gland and in nervous tissue 
By C. Terner 


Volume 52 (1952), No. 2 


p- 229, col. 2, lines 6 and 7: 


for dry weight, determination 


p. 236, col. 1, line 7 from bottom: 


read dry weight determination 


delete in accelerating 


Some biochemically relevant properties of N-substituted fructosamines 
derived from amino-acids and N-arylglucosylamines 
By A. Gottschalk 


Volume 52 (1952), No. 3 


p. 455, Title: for 


amino-acids and N-arylglucosylamines 


read N-glucosylamino-acids and N-arylglucosylamines 


Incorporation of [carboxy-“C]acetate into lactose and glycerol 
by the lactating goat udder 
By G. Popjak, R. F. Glascock and S. J. Folley 


Volume 52 (1952), No. 3 


p. 474, col. 1, line 36: for 


Its enantiomorph is denoted by the prefix allo and 
the prefix D. Where the name is wholly trivial, the 
L or D is placed before the prefix allo which is, in 
turn, attached to the parent name; but in names 
which contain one or more prefixes denoting sub- 
stitution, the allo- is placed before this prefix and 
the L- or D- is placed as stated in section (a). 
Examples: t-allothreonine, p-allothreonine, L1-alloiso- 
leucine, p-alloisoleucine for the pairs of enantiomorphs of 
the diastereomers of the amino-acids of protein origin 


Biochem. 1952, 52 


1o-* read 10-% 

Where the name contains one or more prefixes denoting 
substitution and where specification both of configuration 
and of position of substitution is required, this rule should 
be applied, the form taken being as in the names of the 
following naturally occurring substances: f-phenyl-L- 
alanine, 4-hydroxy-L-proline, 3:5-diiodo-L-tyrosine, 3:5- 
dibromo-L-tyrosine, 6-hydroxy-L-lysine. However, in 
general biochemical writing, the names of the following 
four substances, the position of substitution of which is well 
understood, are admissible as exceptions: L-phenylalanine, 
L-hydroxyproline, L-diiodotyrosine, and L-hydroxylysine. 
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Nomenclature of Amino-acids and Vitamins 


The Commission for the Reform of Biochemical 
Nomenclature of the International Union of Pure 
and Applied Chemistry has adopted Rules 1-5, 8 
and 9, previously agreed between British and 
American chemists and biochemists and published 
(1948) in the Biochem. J. 42, 1. 

_ Rules 6 and 7, as adopted by the International 
_ Commission, differ somewhat from those previously 
published in the Biochem. J. The new international 
tules are as follows: 


AMINO-ACID NOMENCLATURE 
RULES 6 AND 7 


Final version adopted by the Commission on Bio- 
chemical Nomenclature of the International Union 
of Pure and Applied Chemistry in September 1951 


Rute 6. (a) Where the amino-acid has two 
centres of asymmetry so constituted that internal 
compensation cannot occur, two diastereomeric 
forms are possible both of which possess the L, 
configuration at the a-carbon atom; of these forms 
the first to be described is designated the L-amino- 
acid and its enantiomorph is designated the 
D-amino-acid. Where the name contains one or 
more prefixes denoting substitution, the L- or D- 
is, in accordance with Rule 7, placed immediately 
before the part of the name (usually the trivial 
name of the parent amino-acid) which signifies an 
asymmetric configuration around the «a-carbon 
atom. 

Examples: L-threonine, L-isoleucine, for the amino-acids 
of protein origin which have trivial names; D-threonine, 
D-isoleucine for their enantiomorphs. Where there is a 
prefix denoting substitution, the names take the form 
hydroxy-L-proline, hydroxy-pi-glutamic acid, hydroxy- 
L-lysine, or, with specification of position of substitution, 
4-hydroxy-L-proline, {-hydroxy-pi-glutamic acid, 6- 
hydroxy-t-lysine. 

(b) The other diastereomer which possesses the 
L, configuration at the a-carbon atom is distin- 
guished by the prefix allo in addition to the prefix L. 
Its enantiomorph is denoted by the prefix allo and 
the prefix p. Where the name is wholly trivial, the 
L or D is placed before the prefix allo which is, in 
turn, attached to the parent name; but in names 
which contain one or more prefixes denoting sub- 
stitution, the allo- is placed before this prefix and 
the L- or D- is placed as stated in section (a). 

Examples: t-allothreonine, D-allothreonine, L-alloiso- 
leucine, p-alloisoleucine for the pairs of enantiomorphs of 
the diastereomers of the amino-acids of protein origin 


Biochem. 1952, 52 





which have trivial names; allohydroxy-t-proline, allo- 
hydroxy-v-proline, allohydroxy-t-lysine, allohydroxy-p- 
lysine, and similarly for the enantiomorphs of the dia- 
stereomers named as derivatives of amino-acids which have 
trivial names. Where the position of the substituent group 
is designated the names take the form allo-4-hydroxy-t- 
proline, allo-8-hydroxy-L-lysine. Systematic names take 
the form allo-8-hydroxy-L-x-aminobutyric acid (for 
L-allothreonine), allo-4-hydroxy-L-2-pyrrolidine-carboxylic 
acid (for allohydroxy-t-proline). 

(c) For diastereomeric «-amino-acids which 
have structures not encountered in nature but 
which are named as derivatives of naturally 
occurring amino-acids with trivial names, choice 
between the prefixes L and D is made, (1) from the 
results of direct correlation with substances of 
known configuration, or (2) tentatively, from the 
results of studies of biological properties, or of the 
change in optical rotation with change in the con- 
ditions of observation, or both. The assignment of 
the prefix allo to the pair of enantiomorphs of one 
of the diastereomers is made tentatively, if possible, 
in accordance with the principle in section (a). 
The prefixes are placed as stated in section (a). 

Examples: Of the four theoretically possible optically 
active isomers of hydroxyaspartic acid, two should yield 
L-aspartic acid on reduction and are accordingly hydroxy- 
L-aspartic acid and allohydroxy-L-aspartic acid, the choice 
of these designations being made tentatively as specified. 
The respective enantiomorphs are named with the prefix p. 


Rute 7. Salts and derivatives of amino-acids 
including peptides are designated with the use of 
a small capital letter to denote the configurational 
family of the a-carbon atom or atoms, this letter 
being placed immediately before the name of the 
parent acid or its radical. The customary rules of 
nomenclature are otherwise observed. 


Examples : L-histidine monohydrochloride monohydrate, 
copper L-aspartate, D-ornithine dihydrochloride, acetyl- 
L-tryptophan, diethyl p-glutamate, 8-hydroxy-pL-glutamic 
acid, L-leucyl-L-valine, glycyl-pt-leucine. Names in which 
the prefixes involve amino-acid configurations are treated 
similarly; thus, S-(p-2-amino-2-carboxyethyl)-p-homo- 
cysteine for D-cystathionine. 

Where the name contains one or more prefixes denoting 
substitution and where specification both of configuration 
and of position of substitution is required, this rule should 
be applied, the form taken being as in the names of the 
following naturally occurring substances: £-phenyl-t- 
alanine, 4-hydroxy-L-proline, 3:5-diiodo-L-tyrosine, 3:5- 
dibromo-L-tyrosine, §-hydroxy-L-lysine. However, in 
general biochemical writing, the names of the following 
four substances, the position of substitution of which is well 
understood, are admissible as exceptions: L-phenylalanine, 
L-hydroxyproline, L-diiodotyrosine, and L-hydroxylysine. 
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2 NOMENCLATURE 


Present name 


The International Commission has adopted a 
new Rule 10 on amino-acid radicals. This rule 
states that amino-acid radicals shall be named in 
conformity with the Definitive Report of the Com- 
mission on Nomenclature in Organic Chemistry. 
The rule gives a full list of amino-acid radicals 
with their formulae. It seems unnecessary to re- 
produce the whole of this list. The general rule is 
that for an amino-acid R.CHNH,.COOH (name 
ending in ‘ine’) the radical R.CHNH,.CO— has 
the corresponding name ending in ‘yl’; thus 
‘alanine’ gives the radical ‘alanyl’. ‘Tryptophan’ 
forms ‘tryptophyl’. 

The following may be noted specially: 


H,N—CO—CH,—CH(NH,)—COoO— 
HOOC—CH,—CH(NH,)—CO— 


Asparaginyl 
Asparty] 
Similarly, glutaminyl, glutamyl. 


Cystyl S—CH,—CH(NH,)—CO— 


S—CH,—CH(NH,)—Co— 
Cysteinyl §_HS—CH,—CH(NH,)—CO— 


VITAMINS 


The following names have been adopted by the 
Commission for the Reform of Nomenclature in 
Biological Chemistry of IUPAC. 


Vitamin D, or calciferol 

Vitamin D, 

Vitamins E 

Vitamin B,, aneurin or thiamine 

Vitamin B, or riboflavin 

Vitamin PP, niacinamide or 
nicotinamide 

Vitamins possessed of B,, acti- 
vity 

Vitamin B,, 

Vitamin B,,, 

Vitamin B,,, 

Vitamin C or ascorbic acid 





1952 
Name adopted 
Ergocalciferol* 
Cholecalciferol* 


a, B- and y-Tocopherol 
Thiamine 

Riboflavin 
Nicotinamide 


Cobalamin? (collective 

name) 
Cyanocobalamin? 
Hydroxocobalamin? 
Nitrosocobalamin? 
Ascorbic acid 


1 These names have the advantage of permitting other 
D vitamins, derived from 7-dehydrosterols, to be named 
by analogy through the use of the appropriate prefix. 

* These names are recommended for adoption because 
they conform with Werner’s nomenclature for cobalt co- 
ordination complexes, and because they provide a system 
of terminology which may be extended, by analogy, to 


many modified cobalamins. 


The names pantothenic acid, biotin, p-amino- 
benzoic acid and choline remain unchanged. 

Names for the vitamins A and K, the pyridoxin 
group, inositol and the folic acid group are under 


discussion. 
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The Relation between Pyridoxin and Tryptophan Metabolism, 
Studied in the Rat 


By C. E. DALGLIESH 
National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 28 December 1951) 


It was long considered that the first product of 
tryptophan degradation in animals was hydroxy- 
tryptophan. This hypothesis rested on indirect 
evidence (for details and references see Dalgliesh, 
1951) and it was not till synthetic hydroxytrypto- 
phan became available (Cornforth, Cornforth, 
Dalgliesh & Neuberger, 1951; Kotake, Sakan & 
Miwa, 1950) that direct evidence could be obtained. 
The problem was investigated in this laboratory 
by the feeding of supplementary tryptophan or 
hydroxytryptophan to normal and _ pyridoxin- 
deficient rats and subsequent chromatographic 
examination of the urines. As already reported 
(Dalgliesh, Knox & Neuberger, 1951) the complete 
difference in the urinary pictures obtained after 
feeding hydroxytryptophan (which actually exists in 
its tautomeric form and is more correctly described 
as oxindolylalanine; Cornforth, Dalgliesh & Neu- 
berger, 1951) showed clearly that it is not a normal 
tryptophan metabolite. This result has now been 
confirmed by many workers (cf. Dalgliesh, 1951). 

These investigations also showed that the urines 
of pyridoxin-deficient rats fed supplementary 
tryptophan contained many substances showing a 
powerful fluorescence in ultraviolet light, which did 
not occur either in the urine of normal rats with or 
without a tryptophan supplement in the diet, or in 
the urine of pyridoxin-deficient rats receiving no 
tryptophan supplement. These substances therefore 
represent tryptophan metabolites formed or accu- 
mulated as a result of the pyridoxin deficiency and 
their identification should throw light on both 
tryptophan metabolism and the function of 
pyridoxin. This paper describes a qualitative in- 
vestigation of these substances. 


EXPERIMENTAL AND RESULTS 


Animals and diet 


The rats used were Institute stock strain. From the age of 
4 weeks they were fed a diet consisting of: casein (unex- 
tracted), 10%; fat mixture, 10%; sucrose, 36%; starch, 
40%; and salt mixture, 4%. The fat mixture consisted of 
arachis oil, 80%, and cod liver oil, 20%. The salt mixture 
consisted of: NaCl, 22g.; hydrated calcium phosphate, 
130 g.; potassium citrate, 125 g.; MgSO,.7H,0, 30 g.; ferric 
citrate, 5 g.; trace mixture, 0-7 g. The trace mixture con- 
sisted of: KI, 12 g.; NaF, 10 g.; anhydrous MnSO,, 2 g.; 


Cu,I,, 1 g.; anhydrous potassium alum, 1 g. To each kg. of 
the above diet was added a vitamin mixture (cf. Reid, 
Lepkovsky, Bonner & Tatum, 1944) composed of: thiamine, 
10 mg.; riboflavin, 10 mg.; calcium pantothenate, 40 mg.; 
choline, 500 mg.; nicotinic acid, 100 mg.; p-aminobenzoic 
acid, 600 mg.; inositol, 1 g.; biotin, 25yg.; vitamin K, 
20 pg.; «-tocopherol, 10 mg. 

On this regime the rats continued to grow, but cnly 
slowly. Their mean weights were: initially, 35 g.; after 
3 months, 91 g.; after 6 months, 124 g.; after 9 months, 
162 g.; after 13 months, 171 g. Out of seven rats of the 
original litter, two were killed after 5-5 months and two after 
12 months when they developed acute symptoms of acro- 
dynia. After 13 months the remaining animals were lively 
and well, and the same applied after 8 months to two animals 
subsequently placed on the diet. 

The continuous, though slow, growth suggests that the 
diet was low in pyridoxin rather than completely deficient. 
The rats were in general able to adapt themselves to this low 
intake, which may have been derived from the casein 
(unextracted) or the intestinal bacteria. The results of the 
present work show that the amount of available pyridoxin 
was insufficient to enable the animals to deal normally with 
supplementary tryptophan in the diet. There were no 
apparent differences between animals which received a 
tryptophan supplement frequently and those which re- 
ceived it rarely, nor were there obvious differences between 
the urinary pictures of animals which developed acrodynia 
and those which remained well. 

The first feeding experiments were carried out after 
3 weeks on the diet. Supplementary tryptophan was 
administered by mixing with the diet at the rate 0-1 g. of 
L-tryptophan or 0-2 g. pL-tryptophan/rat/day for 1 or 2 
days, the urine being collected for the subsequent 48 hr. 
The greater part of the work was done using L-tryptophan, 
but the same fluorescent substances were obtained after 


feeding the DL-isomers. 


Paper chromatography 


In the preliminary experiments the ascending technique 
(Williams & Kirby, 1948) on Whatman no. 1 paper was used 
at room temperature. It became clear that resolution at 
low Rp, values was not being obtained and subsequently the 
descending technique (Consden, Gordon & Martin, 1944) on 
Whatman no. 4 paper was used, the solvent front being 
allowed to travel about 60 cm. The mean R, values by the 
two techniques differed slightly, but individual variations 
between chromatograms were rendered unimportant by 
running reference substances. 

Many solvent systems were examined. Those principally 
used were: phenol/water or phenol/ammonia as described by 
Consden et al. (1944); ‘collidine’, a 1:1 mixture of 2:4:6- 


1-2 
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collidine and 2:4-lutidine saturated with 2 vol. of water 
(Dent, 1948); and the organic phase from a freshly prepared 
mixture of butanol (4 parts), acetic acid (1 part) and water 
(5 parts) (Partridge, 1946). Of these the last was by far the 
best in that it gave almost complete resolution of the 
fluorescent substances on one-dimensional chromatograms. 
It will be referred to in this paper as butanol/acetic acid. 


Diagnostic reactions 


Five properties or reactions were used for the routin 
examination of the chromatograms: (1) fluorescence under 
ultraviolet light, (2) the ninhydrin reaction, (3) Ehrlich’s 
reaction, (4) Ekman’s reaction and (5) Pauly’s reaction. In 
addition various special reactions were applied as occasion 
demanded. The scope of these reactions, as applied to 
tryptophan metabolites and related compounds, was in- 
vestigated, with the following results: 

(1) Fluorescence under ultraviolet light. The light source was 
a Hanovia fluorescence lamp, model XI, fitted with a Wood’s 
glass filter of which the principal transmission was around 
3660A., with very low transmission in the visible. Under 
the conditions of chromatography used in this work neg- 
ligible fluorescence was shown by ordinary amino-acids 
(including tryptophan), tryptamine, p-aminobenzoic acid, 
nicotinic acid or amide, and quinolinic acid. On the other 
hand, many known tryptophan metabolites and related 
substances showed powerful fluorescence with considerable 
variation in colour, and these are summarized in Table 1. 
Kynurenic acid after running in either butanol/acetic acid or 
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(3) Ehrlich’s reaction. This is of particular value in that it 
reveals both the indole type of structure, and also amino 
compounds. Moreover, the colours obtained with different 
types of structure vary widely and characteristically, as do 
the times taken for the colours to appear. 


Table 1. Fluorescence on paper of some reference 
substances under ultraviolet light 


Colour of fluorescence 


Strong pale blue 
Strong pale blue 
Strong pale blue 
Weak medium blue 
Weak medium blue 
Green 

Weak dark blue 
Strong blue 

Purple 

Purple 

Blue-purple 


Substance 
Kynurenine 
N«-Acetylkynurenine 
o-Aminoacetophenone 
N’-Formylkynurenine 
N’-Acetylkynurenine 
3-Hydroxykynurenine 
Kynurenic acid 
Xanthurenic acid 
Anthranilic acid 
Acetylanthranilic acid 
3-Hydroxyanthranilic acid 


After running in an acid or neutral solvent, the reagent 
was applied as a 2% (w/v) solution of p-dimethylamino- 
benzaldehyde in 5% HCl, and the chromatogram was 
allowed to hang at room temperature. After running in a 
basic solvent difficult to remove, such as collidine, it was 
found advisable either to increase the concentration of HCl 
in the spraying reagent or to expose the chromatogram to 
HCl fumes prior to spraying, in order to avoid formation of 
an objectionable pink background. 


Table 2. Colours produced on paper by reaction between reference substances and Ehrlich’s reagent 


Colour after 2 hr. Colour after 24 hr. 


Substance Immediate colour 
Tryptophan — 
Ne-Acetyltryptophan a 
Indole Violet 
Skatole Violet after about 2 min. 


Indolylpropionic acid 
Indolylacetic acid 
Tryptamine 
Oxindolylalanine 
Oxindole 

Kynurenine 
N«-Acetylkynurenine 
o-Aminoacetophenone 
3-Hydroxykynurenine 


Anthranilic acid 
Acetylanthranilic acid 
3-Hydroxyanthranilic acid 
Aniline 

p-Aminobenzoic acid 


Very pale yellow 


Orange 

Orange 

Orange 

Orange pink 

(slight delay in appearance) 

Deep yellow 

Very pale yellow 

Deep yellow 

Deep yellow 


Violet Green 

Blue Blue 
Carmine Carmine 
Violet Blue 

Blue Blue 

Blue Blue 

Violet Grey-violet 


Pale yellow 


Pale yellow 





Aliphatic amino-acids and _ 


amines 
Urea Bright yellow 
Allantoin Weak pale yellow 


collidine leaves a weak blue fluorescent spot on the origin. 
In the absence of reference standards the actual description 
of a colour in this and other colour tests must be regarded to 
some extent as subjective. 

(2) The ninhydrin reaction. This was carried out in the 
usual way. The only point calling for comment is the orange 
colour given by certain N’-acylated kynurenines and de- 
rivatives of a-amino-f-benzoylpropionic acid, discussed 
later in the paper. 





Pale yellow Pale yellow 

Orange Orange 

Orange Orange 

Orange Orange 

Pink Pink 

Deep yellow Deep yellow 
_ Yellow 

Pale yellow Orange 

Deep yellow Deep yellow 

Deep yellow Deep yellow 
_- Pale yellow 

after some days 
Bright yellow Bright yellow 


Pale yellow Pale yellow 

The results obtained are summarized in Table 2. In 
general, indole derivatives give violet or blue colours 
appearing only after a delay and sometimes changing in 
colour later. Derivatives of o-aminoacetophenone with an 
unsubstituted amino group give an orange colour im- 
mediately, whereas 3-hydroxykynurenine gives a pink (or 
orange-pink) colour more slowly. Aromatic amines give an 
immediate deep-yellow colour, whereas aliphatic amines 
give very pale yellow colours only visible after a long delay. 
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Urea gives an immediate strong bright yellow colour (cf. 
citrulline: Dent, 1948), and should therefore as far as 
possible be removed from urine preparations. 

(4) Ekman’s reaction. Aromatic amino groups were 
revealed by spraying the chromatogram, after diazotization, 
with ethyl-1-naphthylamine as a coupling reagent (Ekman, 
1948; Hellmann, 1951) and this will be referred to sub- 
sequently as Ekman’s reaction. Both Ekman and Hellmann 
carried out diazotization by spraying with dilute NaNO, in 
HCl. In the present work diazotization was carried out by 
exposing the lightly damped paper to nitrous fumes 
generated in a beaker from NaNO, and HCl. Aromatic 
amines give a magenta colour increasing in intensity on 
standing, but the reaction also gives much additional in- 
formation. On exposure to nitrous fumes (and before 
spraying with the coupling reagent) tryptophan immediately 
gives a yellow colour, becoming browner on standing, which 
is presumably due to formation of the nitroso derivative. 
A yellow colour is also given by o-aminophenols such as 
3-hydroxykynurenine and 3-hydroxyanthranilic acid, and 
after spraying with the coupling reagent and allowing to 
stand the colour becomes a deep brown. The initial yellow 
colour is in this case presumably due to benzoxdiazole 
formation. 

(5) Pauly’s reaction. 'Yhis was carried out in the usual way. 
In the presence of excess nitrite tryptophan gave a yellow 
spot becoming brown, as with Ekman’s reagent. o-Amino- 
phenols gave a brown spot increasing in intensity on 
standing. 

(6) Ammoniacal silver nitrate. o-Aminophenol derivatives 
such as 3-hydroxykynurenine and 3-hydroxyanthranilic 
acid gave a brown-black spot immediately on spraying. 
On being allowed to dry at room temperature red-brown 
spots also appeared with kynurenine, o-aminvacetophenone, 
xanthurenic acid, 8-hydroxyquinoline, and tryptophan. 

(7) Phosphate reagent. (Hanes & Isherwood, 1949.) 
Comparison of radioautcgraphs of chromatograms carrying 
%2P with ‘phosphate’ spots as revealed by this reagent 
showed that artifacts can occur. In particular it was found 
that after spraying with the perchloric-molybdate solution, 
and heating, tryptophan gives a blue spot (before H,S 
treatment). 


Behaviour of reference substances 


The fluorescence and behaviour to various reagents of 
many of these substances are described above. Below are 
summarized some R, values not otherwise mentioned in the 
text, together with certain comments on reactivity, etc. 
The R, values should be taken as approximate, as many 
depend on single or a few determinations where this was 
adequate to show by direct comparison non-identity with 
one of the metabolites. Butanol/acetic acid is abbreviated 
as B/A; collidine as C; ascending chromatograms as (a), and 
descending as (d). 

(A) Derivatives of indole: N*-Acetyltryptophan: B/A (a), 
0-91; C(d), 0-70. Indolylpropionic acid: B/A(a), 0-93; 
C(d), 0-84. Indolylacetic acid: C(d), 0-69. Tryptamine: 


B/A(d), 0-66; C(d), 0-70 (weak) and 0-78 (strong). Skatole: 
C(d), 0-96. Indole: B/A (a), 0-98; C(d), 0-93. 

(B) Derivatives of 0-aminoacetophenone: DL-Kynurenine 
and pu-3-hydroxykynurenine are both resolved on paper 
chromatograms. In both cases the Ry value of the D-isomer 
is about 0-9 times that of the L-isomer (Dalgliesh, 1952). In 
a B/A(d) chromatogram a solvent run of 60 cm. results in 
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complete separation of the kynurenine isomers, but hydroxy- 
kynurenine, with a lower Ry, may appear as a dumb-bell 
shaped spot. 

N’-Formylkynurenine (B/A(d), 0-41) and N’-acetyl- 
kynurenine (B/A(d), 0-49) give an orange colour with 
Ehrlich’s reagent only after some while, when hydrolysis of 
the acyl group has presumably occurred. Both give an 
orange colour with ninhydrin, as does also a precursor in 
kynurenine synthesis, «-amino-f-o-nitrobenzoylpropionic 
acid. Neither are resolved on paper chromatograms, nor is 
N“-acetylkynurenine. o-Aminoacetophenone moves with or 
close to the solvent front. 

(C) Derivatives of anthranilic acid and miscellaneous sub- 
stances: Anthranilic acid: B/A(d), 0-93; C(d), 0-76. 3- 
Hydroxyanthranilic acid: B/A (a), 0-89; C(d), 0-84. Acetyl- 
anthranilic acid: B/A(a), 0-93; C(d), 0-80. Urea: B/A(a), 
0-50; C(d), 0-52; butanol/water, 0-29. Allantoin: B/A(d), 
0-30; C(d), 0-60. p-Aminobenzoic acid: B/A(d), 0-79; 
C(d), 0-69. 


Preliminary experiments 


The metabolite mixture readily became oxidized, and a 
rapid isolation procedure was therefore sought. In the first 
experiments the urine was submitted to the electrolytic 
desalting procedure of Consden, Gordon & Martin (1947), 
and after concentration was examined by paper chromato- 
graphy. In butanol/acetic acid five strongly fluorescent 
spots were observed under ultraviolet light. Two of these 
spots appeared at medium R, and showed a green and a 
strong pale-blue fluorescence, and another pair of spots with 
similar fluorescence appeared at high Ry. The spots of 
medium Ry, were recognized, as described later, as L-3- 
hydroxykynurenine and t-kynurenine, and in Table 3 some 
Rp values of the metabolites (described as E and F) are 
compared with those of authentic materials. Tryptophan 
also appeared on the chromatograms, and could be readily 
demonstrated with Ehrlich’s reagent and subsequent 
exposure to HCl fumes as described by Tabone, Robert, 
Thomassey & Mamounas (1950). 


Table 3. R, values of some metabolites 
and reference substances 


Rypin 
butanol/ Rypin 
acetic R,in butanol/ 
acid, collidine, water, 
Substance ascendingt descending* ascendingt 
Metabolite Z 0-39 0-59 0-18 
3-Hydroxy-L- 0-39 0-60 0-18 
kynurenine 

Metabolite F 0-48 0-51 0-23 
L-Kynurenine 0-48 0-51 0-23 


* Whatman no. 4 paper. 
+ Whatman no. | paper. 


Electrolytic desalting of the urine was not satisfactory. 
The darkening during treatment showed that degradation 
occurred, the proportions of the metabolites varied with the 
duration of the experiment, and relatively large amounts of 
non-fluorescent ninhydrin-positive substances remained, 
together with urea. The latter gives a powerful Ehrlich’s 
reaction and obscures an important region of the chromato- 
grams. 
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Ether and butanol extraction of the urines. Urine adjusted 
to pH 3 was extracted with ether, giving small amounts of 
the faster-moving fluorescent metabolites. Continuous 
extraction for some hours gave larger amounts of material, 
but also much urea. The urines were therefore adjusted to 
pH 7, treated with urease at 37°, readjusted to pH 3-4, and 
extracted as before. The procedure was reasonably satis- 
factory, but much more time-consuming than precipitation 
procedures. Butanol was unsuitable for extractions 
due to simultaneous extraction of appreciable amounts of 
salts. 
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complete resolution of these substances. In the remainder of 
this paper this solvent mixture is assumed to be used unless 
otherwise stated. 

It was then found that much superior results could be 
obtained more simply by precipitation with mercuric acetate 
in acid solution, and the following procedure was adopted: 
the urines were diluted with an equal volume of 50% (v/v) 
acetic acid, and allowed to stand at 0° for 1-1-5 hr. The pre- 
cipitated material, which besides protein and extraneous 
matter contained appreciable amounts of kynurenic and 
xanthurenic acids, was spun down, and to the supernatant 


Table 4. Summary of colour reactions obtained after descending chromatography in butanol/acetic acid 
on Whatman no. 4 paper 


(Spots down to J represent tryptophan metabolites. For remainder see text. A dash represents absence of colour.) 


Fluorescence 





Mean under ultraviolet Ehrlich’s Ekman’s Pauly’s Probable i 
Spot Ry illumination Ninhydrin reagent reagent reagent identity ; 
A 0-07 Blue-green Reddish Pink after l hr. Yellow on dia- Brown Glycuronide of 3- 
purple or more zotizing turning hydroxy-L- 
brown slowly kynurenine 
B 0-12 Blue-purple -- a es 
Cc 0-15 Blue-green Reddish Pink after 1 hr. Yellow on dia- Brown Sulphate of 3- 
purple or more zotizing turning hydroxy-L- 
brown slowly kynurenine 
E 0-35 Green Brown- Pink after a few Yellow on dia- Brown 3-Hydroxy-.- 
purple min. zotizing turning kynurenine 
brown slowly 
F 0-42 Strong pale Purple Immediate Magenta after —  L-Kynurenine 
blue orange short delay 
XxX 0-47 Blue-purple — — — — 
G 0-52 Weaker pale — _ - — 
blue 
H 0-65 Blue-purple - — - Red Kynurenic and 
xanthurenic acids 
I 0-77 Green -- Pink after a few Yellow on dia- Brown WNz«-Acetyl-3- 
min. zotizing turning hydroxy-L- 
brown slowly kynurenine 
J 0-82 Strong pale - Immediate Magenta after N«-Acetyl-L- 
blue orange short delay kynurenine 
K 0-89 Blue-purple -— Immediate Magenta rapidly - 
yellow 
Trypto- 0-49 = Grey- Violet after 1 hr. Yellow on dia- Yellow- 
phan purple zotizing brown 
Eh\ 0-27 - — Immediate Magenta — 
yellow 
Eh2 0-61 — — Immediate Magenta Brown 
yellow 


Mercury precipitation of the urines. The conditions first 
tried were those described by Cole (1942a) for the precipita- 
tion of tryptophan. The urines of normal rats with or without 
a tryptophan supplement, and of pyridoxin-deficient rats 
without a tryptophan supplement, gave very slight pre- 
cipitates under those conditions, whereas the urines of 
pyridoxin-deficient rats fed tryptophan gave a copious pre- 
cipitate. The final yellow-green solution was found on 
chromatography to contain a wealth of fluorescent sub- 
stances which were labelled consecutively from A to J (D 
being a region of weak fluorescent background without out- 
standing spots). Butanol/acetic acid was by far the best 
mixture for chromatography and gave complete or almost 


was added an excess of mercuric acetate in 25% (v/v) 
acetic acid. A copious yellow-green or green precipitate was 
formed, which was spun down after 1-5-2 hr. The super- 
natant, if left for 24 hr., deposited further material. The 
composition of this was found to be qualitatively similar to 
that originally precipitated, and as only about 10% more 
material was obtained on the longer precipitation the super- 
natant was normally discarded. The residue was suspended 
in water and treated with H,S for 1-2 hr. until the relatively 
slow precipitation of HgS was complete. Excess H,S was 
removed by bubbling N, through the mixture, and after 
centrifugation the yellow-green supernatant was filtered, 
and concentrated in vacuo. 
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The material contained all the spots A—J obtained by the 
HgSO, precipitation procedure and also contained: (1) an 
additional fluorescent substance, X, running rather faster 
than kynurenine, (2) appreciable amounts of non-fluorescent 
ninhydrin-positive material, (3) urea and (4) in later experi- 
ments another fast-running fluorescent substance, K. The 
properties of the various substances are summarized in 
Table 4. Spots B and C tended to overlap, and where this 
occurred the fluorescence of the mixed spot resembled that 
of kynurenine. Overlapping was sometimes also observed 
between F and X and between J and K. Tryptophan also 
underlies X but does not fluoresce. 

It should be noted that some chromogenic substances do 
occur in the urine fractions of control normal and pyridoxin- 
deficient rats isolated by the above procedure, but these 
differ from substances A—J and are in general present in 
comparatively small quantities. One substance of interest 
was, however, noted in the urines of normal rats receiving 
supplementary tryptophan. This gave a violet-blue colour 
with Ehrlich’s reagent after 1-2 hr., but was not fluorescent 
and gave no ninhydrin reaction. It was readily extracted by 
ether from urine at pH 4-5, was extracted from the ether by 
bicarbonate, and could be re-extracted into ether on acidi- 
fication. It had an Rp value of 0-90 in butanol/acetic acid 
(ascending) and 0-71 in collidine (descending) and appeared 
to be a simple tryptophan derivative less hydrophilic than 
tryptophan itself. Its behaviour closely resembled that of 
N“.acetyltryptophan, but the two did not appear to be 
identical. The substance may be the same as the ether- 
soluble metabolite of Sarett & Goldsmith (1949). 


Spectroscopic investigations 


Thé individual substances were eluted from the chro- 
matograms with 0-02 phosphate buffer, pH 7-3, and their 
spectra determined between 230 and 380 my. using a 
Beckman spectrophotometer, model DU. 


Optical density 





230 250 270 290 310 330 350 370 
Fig. 1. Absorption spectra of substances B (--—-), and C 
( ) after elution from the chromatograms with buffer 
solution. 





Fig. 1 shows the spectra of substances B (broken line) and 
C (full line). The spectrum of C is typical of that given by six 
of the fluorescent substances, A, C, Z, F, J and J, and the 
positions of the maxima observed for these substances are 
shown in Table 5. It was observed, however, that the further 
the substance travelled on the chromatogram, the lower the 
second maximum appeared. This suggested that interaction 
with paper constituents was occurring. As F was already 
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known to be kynurenine, authentic kynurenine was ex- 
amined on chromatograms and the same depression of the 
second maximum, with movement to slightly lower wave- 
length, was observed. Interaction with paper constituents 
is also indicated by the resolution observed for pL-kynure- 
nine and DL-hydroxykynurenine, a result which could not 


Table 5. Absorption maxima of eluted substances 


Position of first Position of second 


maximum maximum 
Substance (my.) (my.) 
A 264 364 
C 262 362-5 
E 264 368 
F 263 355 
I 265 365 
J 265 355 


occur if the chromatography only involved partition 
between the optically inactive solvent phases. The ready 
formation of a complex between t-kynurenine and sucrose, 
used for the preparative resolution of kynurenine (Bute- 
nandt & Weichert, 1944) is also relevant in this connexion. 
It will be noticed that the second maxima of A, C, E and / lie 
at about 365 mu., whereas those of F and J lie at about 
355 mu. The first four substances also appear pale yellow on 
the untreated chromatogram. 


Optical density 





230 250 270 290 310 330 350 370 


Fig. 2. Absorption spectra of eluted substances X (-—---- ) 
and H (---) compared with a 1:1 mixture of kynurenic 





and xanthurenic acids ( ). 

Fig. 2 shows the spectra of substances X and H and the 
general resemblance between these and the calculated 
spectrum of a 1:1 mixture of kynurenic and xanthurenic 
acids. Both X and H appear to absorb strongly below 
290 mp. In the case of X this is known to be due to the 
presence of tryptophan, which underlies X on the chromato- 
gram, and it is probable that other indole-type compounds 
are responsible for the similar absorption of H. 

The significance of these spectra is considered in detail 
when the identity of the individual substances is discussed. 
At the same time various known compounds were examined 
spectroscopically, and the following are the results obtained 
(‘ buffer’ refers to the mixture already described): Kynure- 
nine: in buffer showed maxima at 257 my. (« =6750) and 
361 mu. (¢ =4350) (Fig. 3). 3-Hydroxykynurenine: in buffer 
showed maxima at 268-5mp. («€=9840) and 370 mu. 
(«=4240). In water the peaks were unchanged in position 
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and had « values of 7800 and 4000 respectively (Fig. 3). In 
0-1N-HCl the maximum at 370 muy. had almost disappeared 
(« =740) and anew maximum appeared at 315 my. (e = 2650); 
the lower wavelength maximum had moved to 251-5 mp. 
(e=8750) (Fig.3). Kynurenicacid : in buffer showed maxima 
at 332 mp. («=9800) and 344 mp. (e=7920) (Fig. 4). In 
0-1N-HCl the specimen was too insoluble to determine 





330 350 


230 250 270 370 

Fig. 3. Absorption spectra of 3-hydroxykynurenine in 
water (——), kynurenine in buffer (— — —) and 3-hydroxy- 
kynurenine in 0-1N-HCl (-—---- ). 
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230 250 270 290 310 330 350 370 
Fig. 4. Absorption spectra of kynurenic acid (——), 
and xanthurenic acid (— —-—), in buffer. 


accurate ¢ values, but showed a maximum at 310 mu. 
descending to a flat area centred on 325 mu. In 0-1N-NaOH 
the twin peaks had coalesced to one flat maximum from 
320-325 my. (e =6350). Xanthurenic acid : in buffer showed 
a wide maximum centred at 340 my. («= 6500) (Fig. 4). In 
0-1N-HCl e values were again not determined due to in- 
solubility, but the spectrum showed an inflexion at 315my. 
and a maximum at 353 my. superimposed on appreciable 
general absorption. In 0-1nN-NaOH maxima at 282 mu. 
(e=5300) and 327 mu. (e=5300) were again superimposed 
on general absorption. Anthranilic acid: in buffer showed 
maxima at 241 mp. («=6400) and 309 mp. («=2900). 3- 
Hydroxyanthranilic acid: in buffer showed an inflexion at 
about 240 mu. and a maximum at 314 mp. (e=3240). In 
0-IN-HCl showed a maximum at 297 mp. («€=3120), 
agreeing with the results of Nyc & Mitchell (1948). 

Effect of autoxidation on the spectra. The spectra of 
hydroxykynurenine and hydroxyanthranilic acid were 
examined at varying times after making up the solutions to 
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see whether oxidation during isolation and the chromato- 
graphic procedures might have produced changes in the 
spectra of the metabolites. Little change in the spectrum 
of a hydroxykynurenine solution was observed during the 
first few hours. The solution then slowly became more 
yellow and in the spectral region examined this was accom- 
panied by an increase in general absorption with reduction 
in € values, but no change took place in the position of the 
maxima. Thus for hydroxykynurenine at 268-5 my. the e 
value of 7800 in fresh solution had dropped to 6460 after 
4 days. Hydroxyanthranilic acid showed similar results. 


Experiments with **P-labelled phosphate 


Hanes’s phosphate reagent showed the presence of a 
phosphate-containing substance sufficiently close to Band C 
to raise the question of identity. In addition, further spots 
were observed corresponding to tryptophan and tosubstance 
Eh2. To settle this question tryptophan was fed in the usual 
manner, together with 0-2 ml. of a phosphate solution con- 
taining 16 ye. of xP. Chromatograms were examined by the 
radioautograph technique and by means of the mechanical 
scanning technique previously mentioned (Dalgliesh e¢ al. 
1951). Only one phosphorus-containing compound was 
observed, of R; 0-14. The outline did not correspond exactly 
with that of B or C, and non-identity was conclusively 
proved by the subsequent observation that whereas B and C 
were adsorbed by deactivated charcoal, the phosphorus 
compound was not. The two other spots observed with 
Hanes’s reagent were artifact spots (see above). The urinary 
phosphorus compound was compared with inorganic phos- 
phate with which it was not identical (distances run on a 
chromatogram were 9-0 and 14-5 cm. respectively). Further 
experiments showed that when the urine of normal rats was 
submitted to the mercuric acetate precipitation procedure a 
phosphorus compound was isolated, whether or not supple- 
mentary tryptophan had been fed. In this case the phos- 
phorus compound was ninhydrin-positive, thereby differing 
from the compound in the urine of pyridoxin-deficient rats. 
The substances have not been further examined. 


Purification with deactivated charcoal 


The work of Synge & Tiselius (1949) suggested that de- 
activated charcoal might be of considerable value in separ- 
ating the tryptophan metabolites from contaminating sub- 
stances, and this proved to be the case. Charcoal (British 
Drug Houses Ltd.) deactivated by 4% (w/w) stearic acid by 
the procedure of these authors gave excellent results, it being 
found unnecessary to carry out a preliminary purification of 
the charcoal. 

The supernatant obtained by centrifugation, after pre- 
cipitation of HgS and removal of excess H,S, was shaken 
with the deactivated charcoal, filtered, and the residue well 
washed with water. The colourless filtrate contained (a) 
all the ninhydrin-positive non-fluorescent substances 
(presumably simple amino-acids) in the A—E region, (6) the 
phosphate compound in the B-C region, and (c) urea. The 
charcoal was then eluted with 5% (w/v) phenol and the 
yellow eluate concentrated in the usual way. All the 
fluorescent substances (and also tryptophan) were present 
with no apparent change in their relative proportions. 
Direct charcoal adsorption from the urine was also ex- 
amined. After acidification with acetic acid and centrifuga- 
tion in the usual way the supernatant was shaken with the 
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deactivated charcoal, filtered, and washed with water. The 
filtrate in this case was yellow. On elution with phenol as 
before the eluate, also yellow, was found to contain all the 
usual metabolites. This isolation procedure is much quicker 
than any other examined, but as there is some increase in 
background fluorescence it was preferred to use the mer- 
curic acetate procedure followed by charcoal treatment. 


Ion-exchange columns 


Various resins were examined to see whether a rapid 
selective separation could be obtained. Zeo-Karb 225 was 
found satisfactory for this purpose, as it adsorbed all sub- 
stances except B and C. The ionizing groups of this resin are 
solely of the sulphonic acid type, and substances B and C 
must therefore be strongly acidic. Resins relying for their 
activity on carboxyl groups were of no value. 
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B’ of Ry 0-27 formed from B on mild hydrolysis (see below) 
together, surprisingly, with hydroxykynurenine, Z. As 
considerable heating occurred during the experiment it 
seemed likely that B’ and H were degradation products, and 
this was confirmed in an experiment in which the contents of 
the anode compartment were removed every 10 min. and 
replaced by fresh electrolyte. In this case the anode com- 
partment contained B and C with only small amounts of B’ 
and E. By increasing the concentration of acetic acid in the 
electrolyte the tendency of substances A, J and J to move 
towards the anode could be reduced and even reversed 
owing to the increasing part played by the positively 
charged form of an aromatic amino group. 

To get a more complete picture of the relative mobilities of 
the various substances the following procedure was adopted: 
electrodialysis was carried out as before, using 0-01N-acetic 


Table 6. Distribution of the metabolites on electrodialysis 


Compartment 
4 B OC. (B/)* (2) 
‘< (A) B Cc (BY (£) 
3 1% (A) (B) (C) 
2’ A VE. AZ 
\1’ A 
2 Ehl E F 
1 (Ehl) E F 


Substances present 


G (H) 
G H 
x Al J 
x I J 
Eh2 I J K 
Try. K 
Try. (K) 


* B’ represents the substance formed from B on mild hydrolysis (see text). 
Try. =tryptophan. 


Electrophoresis and electrodialysis experiments 


The apparatus of Gordon, Gross, O’Connor & Pitt-Rivers 
(1952) was used to investigate the electrophoretic behaviour 
of the metabolites and known reference substances on filter- 
paper strips. Whatman MM paper was used, with solutions 
of acetic acid of varying strength as the electrolyte, and an 
applied potential of 240 V. The metabolites separated into 
four groups. Group I moved towards the cathode and 
kynurenine, hydroxykynurenine and tryptophan were 
found to travel in a similar manner. Group II moved 
slightly towards the cathode in 2% acetic acid but stayed 
close to the origin in 0-01N-acetic acid, N“-acetylkynurenine 
behaved similarly. Group III moved towards the anode, 
kynurenic and xanthurenic acid behaving similarly. Group 
IV consisted of bands, which appeared to correspond in 
properties to B and C, moving fast to the anode. 

In view of these favourable results electrodialysis was 
investigated using the apparatus and types of diaphragm 
described by Synge (1951). All compartments were filled 
with 25 ml. of the electrolyte, the specimen being in com- 
partment 2 (cathode compartment=1). The applied 
potential was 240V., and the experiments continued till 
most of the colour had migrated from compartment 2. The 
contents of each compartment were then removed, con- 
centrated, and examined in the usual way. Using 0-01N- 
acetic acid as electrolyte the cathode compartment was 
found to contain kynurenine (/’), hydroxykynurenine (£) 
and tryptophan; compartment 2 contained the same sub- 
stances together with Zh1 and Eh2 (see below) and K. 
Compartment 3 contained A, small amounts of B and C, X 
and substances G to K. The material in the anode compart- 
ment was dark in colour and had obviously undergone 
decomposition. The main constituents were the substance 


acid as electrolyte, the contents of the anode compartment 
being frequently replaced to reduce decomposition. When 
most of the colour had migrated from compartment 2 the 
contents of each compartment were removed and numbered 
1-4. The contents of cell 3 (containing the greatest number 
of the metabolites) were then placed in cell 2 and the pro- 
cedure repeated using this time 8% (v/v) acetic acid as 
electrolyte, to give a new distribution, the contents of the 
compartments being labelled 1’-4’. Effectively this arrange- 
ment is equivalent to an eight-compartment cell. The con- 
tents of each compartment are indicated in Table 6, brackets 
indicating small quantities, and underlining indicating that 
the greater part of that particular substance appeared in that 
compartment. The substances as written from left to right 
correspond with the downward order in which they appear 
on a chromatogram. It should be noted: (a) that the simple 
amino-acids kynurenine (Ff), hydroxykynurenine (EZ) and 
tryptophan can be fairly clearly separated from the other 
metabolites; (6) that A, J and J are of similar acidity and 
appreciably more acidic than the amino-acids; and (c) that 
B and C are strongly acidic and fairly readily hydrolysed. 


Other separative procedures 


Solvent extraction experiments on the crude urine pre- 
paration, attempts to use ether-buffered Celite columns, and 
attempted countercurrent distribution between butanol 
and water or butanol and 0-01N-HCI gave no useful results, 
though the latter demonstrated the hydrophilic nature of 
substances A, B and C. 


Hydrolysis experiments 


A urine preparation was heated in a sealed tube with 
5Nn-HClI for 2 hr. at 100°. Removal of the acid and chromato- 
graphy of the residue showed that substances A, B, C, Pe 
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I and J had disappeared, whilst E, F and H remained. In 
further experiments the urine preparations were applied as a 
streak to the chromatogram and after development and 
drying the corresponding spots were cut out, eluted and 
taken to dryness. Where complete separation did not occur, 
the eluate was again run, this time in phenol/water, and 
after development and drying the spots were again cut out, 
eluted and concentrated. Hydrolysis was carried out under 
varying conditions. The following R, values were noted in 
phenol/water: A, 0-15; B, 0-18; C, 0-31; X, 0-24; t-kynure- 
nine, 0-82. 





Investigation of blood plasma 

A pyridoxin-deficient rat was given 0-5 g. DL-tryptophan 
in the diet, and next day was killed by anaesthetization and 
withdrawal of the blood from the heart after heparin in- 
jection. The blood (approx. 10 ml.) was diluted with an equal 
volume of trichloroacetic acid solution (10% w/v) and after 
45 min. the mixture was centrifuged. The supernatant was 
precipitated with mercuric acetate in the usual way, only a 
slight whitish precipitate being obtained. Chromatography 
showed that none of the fluorescent urinary metabolites was 
present. 


Feeding experiments with L-kynurenine 

When the tryptophan supplement to the diet of pyri- 
doxin-deficient rats was replaced by 0-1 g. L-kynurenine 
sulphate the urine was found to contain all the fluorescent 
metabolites observed after feeding L-tryptophan. This 
makes it most unlikely that any of these substances repre- 
sent an intermediate stage between tryptophan and 
kynurenine. 


IDENTITY OF THE METABOLITES 


Substances E, F and H. Substances E and F 
showed in all respects the same behaviour as the 
L-isomers of 3-hydroxykynurenine and kynurenine. 
Thus they agreed in FR, values (e.g. Table 3), colour 
reactions (as in Table 4), spectroscopic behaviour, 
were resistant to hydrolysis and moved in the same 
manner on electrophoresis. 

The spot H contains such kynurenic and xan- 
thurenic acids as are not precipitated in the initial 
acid treatment of the urines. Known specimens of 
these two substances were found to be unresolved 
on chromatograms and to show the same R, and 
fluorescence as H (the fluorescence of xanthurenic 
acid is more intense than that of kynurenic acid, and 
makes the dominant contribution). The spectrum of 
H shows the typical twin peak of kynurenic acid 
(Figs. 2 and 4), xanthurenic acid only having a 
broad maximum in this region. As is to be expected 
H is unaffected by hydrolysis. Xanthurenic acid is 
already known to occur in the urine of tryptophan- 
fed pyridoxin-deficient rats (Lepkovsky, Roboz & 
Haagen-Smit, 1943). 

Substances I and J. The great similarity between 
the pair of substances E and F and the pair I and J 
strongly suggested that J and J were analogous 
derivatives of EZ and F’. It will be seen from Table 4 
that the reactions of E and J to Ehrlich’s, Ekman’s 
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and Pauly’s reagents were the same, as were the 
colours shown on fluorescence, and there was 
similar agreement between substances F' and J. 
But whereas HZ and F gave a ninhydrin reaction, I 
and J did not. This suggested that J and J were 
derivatives of hydroxykynurenine (HZ) and kynure- 
nine (Ff) respectively in which a substituent was 
attached to the aliphatic amino group. The simi- 
larity of the spectra of H and I and of F and J gave 
further support, as it is known (Knox & Mehler, 
1950; Dalgliesh, 1952) that N*-acylkynurenines 
have the same type of spectrum as kynurenine itself. 
Hydrolysis with 0-1N-HCl at 95° for 1 hr. caused 
slight hydrolysis of I to Z, but the greater part was 
unchanged, whereas hydrolysis with N-HCl for 
1-5 hr. at 95° caused almost complete hydrolysis of 
I to E, and similarly of J to F. Moreover, both # 
and I gave an immediate brown-black spot with 
ammoniacal silver nitrate, showing that the o- 
aminophenol system was intact. It has been shown 
by Yanofsky & Bonner (1950) that a mutant strain 
of Neurospora, in which the further metabolism of 
kynurenine was impaired, accumulated a substance 
identified as N“-acetylkynurenine (I). This was there- 
fore synthesized (Dalgliesh, 1952) and its behaviour 
was found to agree with that of substance J in every 
respect. 


VW ‘ — 
fo \\ £0. Ch. CH-COgH 
NHCOCH, 
Rel | GFK 
ar 


Pa ' 
J \ 0.CHs-CH.COH 
| NHCOCH, 


(II) 


In view of the high R, values given by J confirma- 
tion for this identification was desirable and was 
obtained, as has already been reported (Dalgliesh 
et al. 1951) by simultaneous feeding of tryptophan 
and sodium [«—!4C] acetate when the activity 
appeared in large amounts in substances J and J. 
(It should be mentioned here that the lesser activity 
observed on the chromatograms at low R, is likely 
to have been due to ‘background’ substances which 
are not tryptophan metabolites. At the time the 
experiment was done the purification with de- 
activated charcoal which removes these substances 
had not been worked out.) Substance J is therefore 
almost certainly N*-acetyl-t-kynurenine (only L- 
and no p-kynurenine being formed on hydrolysis), 
and by analogy there is a high probability that 
substance I is N*%-acetyl-L-3-hydroxykynurenine 
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(II), though in this case synthetic material has not 
been available for comparison. The behaviour on 
electrodialysis is in accord with these formulations. 

Substances A and C. Both these substances, like 
E and I, appear yellow on the untreated chromato- 
gram and on hydrolysis give L-3-hydroxykynure- 
nine. Substance A moves at the same speed on 
electrophoresis or electrodialysis as the N“-acetyl 
compounds (I) and (II), and it is reasonable to infer 
that A also has one carboxyl group in excess of the 
basic groups present (neglecting the aromatic 
amino groups, which are of very low basicity). The 
ninhydrin reaction shows that the aliphatic amino 
group is intact and the residue conjugated with 
hydroxykynurenine therefore probably contains one 
carboxyl group (or one basic and two carboxyl 
groups, etc.). The very hydrophilic nature of A, 
shown both in the counter-current distributions and 
by its low R,, suggests a polyhydroxy compound. 
The delay in appearance of a colour with Ehrlich’s 
reagent indicates that some hydrolysis is necessary 
before reaction occurs. The similarity of the 
spectrum of A to that of kynurenine shows that the 
aromatic amino group is not acylated as N’-acyl- 
kynurenines have markedly different spectra (cf. 
Dalgliesh, 1952), An N’-alkylkynurenine derivative 
might show the type of spectrum observed, but an 
alkyl group would be unlikely to be lost on hydro- 
lysis. A substance which might be expected to show 
the observed properties of A is a glycuronide such as 
(III). This would be expected to show greater 
resistance to oxidation than hydroxykynurenine, as 


3% y Y ‘, 
P 4 ee 
I NH, 


caval 
\/ 


| 
0.CH.CHOH.CHOH.CHOH.CH.CO,H 
EE 4 


\NH, 


(III) 


fo 8 /00.CHy.CH.COH 


Cae a 


(IV) 


is in fact observed. Thus if a chromatogram is left 
exposed to the air both Z and J, in which the o- 
aminophenol system is intact, turn brown, whereas 
A and C are unchanged in colour. Moreover, unlike 
E and IJ, neither A nor C show immediate reduction 
of ammoniacal silver nitrate. 

A striking property of substance C is its high 
acidity, shown both in the experiments with ion- 
exchange resins, and on electrodialysis. The acidity 
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is such as to suggest an inorganic acid grouping to 
be responsible, and as the experiments with **P- 
labelled phosphate excluded a substituted phos- 
phorie acid the phenolic sulphate (IV) was con- 
sidered to be the most likely structure. Strong 
support for the formulation of A and Cas (III) 
and (IV) respectively was obtained in hydrolysis 
experiments. 


Hydrolysis of A with 0-1N-HCl for 1 hr. at 95° left it 
almost completely unchanged, though a trace of hydroxy- 
kynurenine was detectable. C, however, was almost entirely 
hydrolysed under these conditions, with formation of L-3- 
hydroxykynurenine. When a portion of the hydrolysate of C 
was tested with BaCl, a white precipitate was obtained, and 
no such precipitate was obtained from the hydrolysed 
eluate of substance FZ used as a control. This supports the 
formulation (IV) for C, which is a readily hydrolysable 
sulphate; no substance other than hydroxykynurenine, 
sulphate and a trace of unchanged C could be detected in the 
hydrolysate. Hydrolysis of A with N-HCl at 95° for 1-5 hr. 
still left the material mainly unchanged, though a somewhat 
larger amount of hydroxykynurenine was formed than in the 
previous case. After hydrolysis with 6N-HClin a sealed tube 
at 100° for 1 hr. some of A still remained unchanged, but the 
greater part was hydrolysed to hydroxykynurenine. In 
this case a second hydrolysis product was also observed at 
Ry,=0-22, which showed a weak blue fluorescence and gave 
an orange ninhydrin reaction. The same material was found 
to be formed from hydroxykynurenine itself under similar 
conditions and it is probably a substance formed by reaction 
of the o-aminophenol grouping with soluble components of 
the paper. It is interesting in this connexion to recall that 
weak blue fluorescence and an orange ninhydrin colour were 
found to be shown by N’-acylated kynurenines, and that a 
yellow or orange ninhydrin colour has also been reported 
to be given by the unsubstituted phenacylglycine, 
Ph.CO.CH,.CH(NH,).CO,H (Fraser & Raphael, 1950; 
Wiss, Viollier & Waldi, 1951). 


These hydrolytic results are in agreement with 
the formulation of A and C as the O-glycuronide and 
O-sulphate respectively of L-3-hydroxykynurenine 
and may be compared with other recent results for 
similar phenolic derivatives (Porteous & Williams, 
1949; Parke & Williams, 1951; Berenbom & Young, 
1951). Confirmation for the presence of glycuronic 
acid was obtained by applying Tollens’s reaction 
according to the procedure of Cole (19426). Un- 
hydrolysed A gave a negative test, but after 
hydrolysis with 5N-HCl in a sealed tube at 100° for 
1 hr. the test was positive. 

Substances B and X. Both B and X show a blue- 
purple fluorescence, that of X being weaker. 
Neither substance shows any reaction with the 
usual reagents and evidence on their constitution is 
therefore mainly derived from spectroscopic and 
hydrolytic data. 

The spectrum of X (Fig. 2) has the typical twin 
peak of quinoline derivatives with maxima at 336 
and 348 mu., which may be compared with that of 
kynurenic acid (Fig. 4) showing maxima at 332 and 








344 my. under the same solvent conditions, and 
kynurenine (4-hydroxyquinoline) which has maxima 
at 316 and 328 muy. (Butenandt, Karlson & Zillig, 
1951). Substance X is completely hydrolysed to 
kynurenic acid on heating with N-HCI for 1-5 hr. at 
95°. The residue conjugated with the kynurenic acid 
was not further investigated. 

The spectrum of B (Fig. 1) shows a broad maxi- 
mum at 337 mp. A similar maximum is shown by 
xanthurenic acid at 340 muy. under the same solvent 
conditions, whereas anthranilic acid, the only other 
likely substance which the fluorescence at all 
resembles, has a maximum at 310 mpz., at which 
point B shows a minimum. (The small peak in the 
spectrum of B at about 260 mu. is probably due to 
contamination by C.) B is strongly acidic, moving 
rapidly to the anode on electrodialysis and being 
unadsorbed by Zeo-Karb 225. After hydrolysis 
with 0-1 N-HCl for 1 hr. at 95° most of B is destroyed, 
and as with C, sulphate ion is detectable in the 
hydrolysate. However, only traces of xanthurenic 
acid are formed and the material is instead trans- 
formed to a substance B’ with the same colour of 
fluorescence as B but a higher R, (0-27). After 
hydrolysis with N-HCl at 95° for 1-5 hr. B’ is still the 
main product, but hydrolysis with 5N-HCl in a 
sealed tube for 1 hr. at 100° gives xanthurenic acid. 
These results indicate that in B xanthurenic acid is 
conjugated with sulphate and with some other 
residue, which was not identified. 

Substances G, K and minor components. Sub- 
stances A, B, C, E, F, I and J are powerfully 
fluorescent substances which appear consistently, as 
do X and H though their fluorescence is less intense. 
Substance G, however, varies considerably, being 
fairly strong in some preparations and very weak in 
others. Whether this is due to variations in the 
urine, or in the isolation is not known. The colour of 
fluorescence somewhat resembles that of kynure- 
nine, but is weaker and whiter, G, like B and X, does 
not react with the normal reagents used in this work. 
It was not further investigated. 

Substance K may be a tryptophan metabolite, 
but its status has yet to be clarified. Urine of 
pyridoxin-deficient rats which had received no 
tryptophan supplement was found to contain a 
substance which had the same RF, as K, and gave an 
immediate strong yellow Ehrlich’s reaction, but 
which was not fluorescent. The fluorescent material 
K did not appear in the urines until some time after 
the establishment of pyridoxin-deficiency, and as 
the use of pL-tryptophan started at about the same 
time it is possible that it is a metabolite of p- 
tryptophan. It is possible to separate K from the 
non-fluorescent Ehrlich-positive substance by 
electrodialysis, and after separation K also shows 
an immediate strong yellow colour with Ehrlich’s 
reagent. 
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Substance Eh 1 is not present in large amounts, is 
non-fluorescent and occurs in the urines when no 
tryptophan has been fed. Substance Hh 2 has only 
been observed in any quantity after feeding DL- 
tryptophan, and may therefore also be a metabolite 
of the p-isomer. In general after feeding pt- rather 
than L-tryptophan ‘background’ substances in- 
crease, and appreciably more tryptophan (pre- 
sumably mainly the p-isomer) is excreted un- 
changed. After feeding the pL-compound a narrow 
band with typical kynurenine-type fluorescence 
appears on the leading edge of the hydroxykynure- 
nine spot, suggesting a small conversion of D- 
tryptophan to p-kynurenine. Such a transforma- 
tion is known to occur in the rabbit (Kotake & Ito, 
1937). 


DISCUSSION 


The most striking feature of the various metabolites 
which have been recognized is that all still contain 
the carbon atoms originating from the alanine side 
chain of tryptophan. In the normal conversion of 
tryptophan to nicotinic acid these carbon atoms are 
known from isotope experiments to be lost (Heidel- 
berger, Gullberg, Morgan & Lepkovsky, 1949; 
Hundley & Bond, 1949), and this immediately 
suggests that pyridoxin is concerned in tryptophan 
metabolism at the stage at which removal of the 
side chain occurs. This chemical evidence agrees with 
evidence from enzyme studies. Kynurenine was 
shown by Kotake & Nakayama (1941) to be con- 
verted to anthranilic acid by an enzyme kynureni- 
nase occurring in cat liver and kidney. Subsequent 
work has shown that kynureninase, which equally 
converts 3-hydroxykynurenine to 3-hydroxyan- 
thranilic acid, occurs in all animal species tested, 
and requires pyridoxal phosphate as a co-enzyme 
(Braunshtein, Goryachenkova & Pashkina, 1949; 
Wiss & Hatz, 1949; Wiss, 1949; Wiss & Fuchs, 1950; 
Dalgliesh et al. 1951). As pyridoxin is known not to 
affect the conversion of tryptophan to kynurenine 
(Braunshtein e¢ al. 1949) or of 3-hydroxyanthranilic 
acid to nicotinic acid (Henderson, Weinstock & 
Ramasarma, 1951) the site of action of pyridoxin 
becomes clear, and the accumulation of metabolites 
still retaining the carbon atoms of the original 
tryptophan side chain gives strong support to the 
enzymic evidence. 

The occurrence of 3-hydroxykynurenine deri- 
vatives conjugated through the phenolic group as 
the glycuronide (III) and sulphate (IV) indicates 
that the rat is dealing with an abnormally accumu- 
lated metabolite by well established detoxication 
mechanisms for phenolic substances. These two 
derivatives are therefore unlikely to be of importance 
in normal tryptophan metabolism. The occurrence 
of the N“-acetyl derivatives (I) and (II) may, how- 
ever, be of greater significance. Although acetyla- 
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tion is a recognized detoxication mechanism, occur- 
ring, e.g., with aromatic amino groups, acetylation 
of the aliphatic amino group of naturally occurring 
amino-acids has been rarely recorded. As already 
pointed out (Dalgliesh, 1951) if N*-acetylkynure- 
nine were the normal substrate for hydroxylation of 
the aromatic ring it would be possible for the animal 
to direct the metabolic changes to hydroxyan- 
thranilic acid at the expense of the formation of 
anthranilic and kynurenic acids which are not pre- 
cursors of nicotinic acid in animals. 

Certain stages in tryptophan metabolism are still 
obscure. The first oxidation product of tryptophan, 
which is in its turn further oxidized to formyl- 
kynurenine, is still unidentified. No evidence for 
such a compound in the urines was obtained in the 
present work, suggesting that oxidation to formy]l- 
kynurenine is a rapid process. It is of interest that 
neither were appreciable amounts of formyl- 
kynurenine detected. Formylkynurenine would not 
be detectable as such on the chromatograms, in 
which it would be masked by kynurenine, but it 
would be detectable spectroscopically in the eluted 
material. Moreover, treatment of the urine pre- 
parations with formylase caused no appreciable 
drop in ultraviolet absorption at 320 mp. with a 
corresponding rise at 360 my. (cf. Knox & Mehler, 
1950). The result is to be expected in view of the 
known high activity of formylase in the intact 
animal. 

The intermediate stages in the conversion of 3- 
hydroxyanthranilic acid to nicotinic acid are also 
still obscure. Opening of the benzene ring must 
occur, and it has been suggested that 3:4-dihydroxy- 
anthranilic acid (V) forms a step in the chain 
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(Makino, Itoh & Nishi, 1951). If this were the case it 
might by analogy be expected that (V) would be 
formed by the action of kynureninase on the 
dihydroxykynurenine (VI) and that (VI) or de- 
rivatives thereof would accumulate in the urine in 
pyridoxin deficiency. It would be expected that 
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(VI) and its derivatives would be more hydrophilic 
than the corresponding derivatives of hydroxy- 
kynurenine, which they would otherwise resemble. 
No substances with the expected properties were 
detected, and this suggests that (VI) is not a major 
tryptophan metabolite. Dihydroxyanthranilic acid 
(V) cannot, however, be similarly excluded but it is 
probable that if (V) is an intermediate then introduc- 
tion of the second phenolic group occurs after loss of 
the alanine side chain. 

It seems probable that tryptophan can be hydr- 
oxylated in the benzene ring. For example, the 
recognition of the vasoconstrictor principle of ox 
serum, serotonin, as 5-hydroxytryptamine (Rapport 
1949; Hamlin & Fischer, 1951) suggests that 5- 
hydroxylation can occur. No evidence was obtained 
in the present work to suggest the occurrence in any 
appreciable quantity of a substance such as 5- 
hydroxykynurenine, and this and similar pathways 
therefore probably play only a minor quantitative 
role in tryptophan metabolism. The finding of 
Inagaki (1933) that rabbits metabolize o-amino- 
acetophenone by oxidizing part to anthranilic acid 
and reducing part to o-aminophenylmethylearbinol 
suggests the possibility of the occurrence of 
carbinols such as (VII) corresponding to kynure- 
nine and hydroxykynurenine. 
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But here again no evidence for compounds with the 
expected properties was found. 


SUMMARY 


1. On administration of tryptophan to rats on a 
low pyridoxin diet numerous metabolites appear in 
the urine, and the probable identity of the majority 
of these has been established. A convenient method 
for the group isolation of these substances is 
described, involving precipitation by mercuric 
acetate in acid solution and selective adsorption on 
deactivated charcoal. 

2. The scope of various reagents, in particular 
Ehrlich’s and Ekman’s reagents, has been studied, 
and chromatographic, chemical, spectroscopic and 
some other properties of the metabolites are 
recorded. 

3. Besides the previously known metabolites L- 
kynurenine, kynurenic acid and xanthurenic acid, 
the occurrence of 1L-3-hydroxykynurenine as a 
tryptophan metabolite has been demonstrated for 
the first time in animals. 
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4. N*-Acetyl derivatives of both L-kynurenine 
and L-3-hydroxykynurenine are excreted and it is 
suggested that these compounds may be normal 
metabolic intermediates. In addition L-3-hydroxy- 
kynurenine is excreted with the phenol group con- 
jugated as the glycuronide and sulphate. These are 
probably detoxication products. 

5. The occurrence of conjugated derivatives of 
both kynurenic and xanthurenic acids has been 
demonstrated. 

6. The fact that all these metabolites retain the 
carbon atoms of the original alanine side chain of 
tryptophan provides strong chemical evidence that 
pyridoxin participates in tryptophan metabolism at 
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the stage at which this side chain is split from the 
rest of the molecule. 

7. Alternative metabolic pathways for trypto- 
phan are discussed and it is suggested that 3:4- 
dihydroxykynurenine is unlikely to be a tryptophan 
metabolite of major importance. 


I should like to express my thanks to Dr A. Neuberger, 
F.R.S., and Dr W. E. Knox for many valuable discussions 
and for making available their collections of tryptophan 
metabolites; also to Prof. A. Butenandt for supplying 
synthetic hydroxykynurenine; and to Mr A. J. Tilley, 
Mrs B. Higginson and Miss L. Langford for technical 
assistance and care of the animals, 
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The Virulence-enhancing Factor of Mucins 
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INVOLVED IN VIRULENCE ENHANCEMENT 
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Previous work (Smith, 1950a, 6, 1951; Smith, 
Harris-Smith & Stanley, 1951) has shown that the 
virulence-enhancing action of hog gastric mucin is 
due to a synergic action between two non-specific 
factors (a viscous medium and a particulate residue) 
and a more specific soluble ‘third factor’. Partial 
purification of the latter (Smith, 1951) yielded a 
heterogeneous product which was predominantly 
peptide in nature, but which contained 5-10% of 
carbohydrate residues. 

This paper describes further purification of the 
third factor using a revised assay (Smith e¢ al. 1951) 
in which the two non-specific factors are maintained 
constant. It has been shown that the carbohydrate 
moiety is responsible for the activity. Furthermore, 
this moiety has been separated into at least two 
active fractions, which have different chemical and 
biological properties, and which, when combined 
together, show a synergic effect in the system of the 
revised assay. This is an important result affecting 
investigations on the mode of action of mucin. 

In the light of this work, various bacterial poly- 
saccharides have been examined for virulence- 
enhancing activity in the assay for the third factor: 
they are active and the results are included in this 
paper, together with a report on their other relevant 
biological properties. 


EXPERIMENTAL AND RESULTS 
Methods 


Activities are given in ‘ Virulence-enhancing units’ (V.E.U.) 
(Smith e¢ al. 1951) by direct comparison with a standard 
mucin, with fiducial limits shown in brackets for P =0-95. 
The yields and activities of samples obtained from a 
particular fractionation are quoted for a single experiment. 
The activities of the various fractions may not be signifi- 
cantly different when taken alone, but become so when 
coupled with similar results in a number of such fraction- 
ations on different batches of the third factor. The inclusion 
of all the latter results would be superfluous. 

Hexosamine, which had been liberated from the various 
polysaccharides by hydrolysis with HCl at 100° in sealed 
tubes, was estimated by the method of Elson & Morgan 
(1933) using the NaHCO,-Na,CO, buffer of Immers & 
Vasseur (1950) for the acetonylacetone condensation. 
Replicate assays on different hydrolysates showed the 


method to have an error of +5 % for most of the compounds 
used (see also Wolfrom, Weisblat, Karabinos, McNeely & 
McLean, 1943; Meyer, 1945). 7 

Uronic acid was determined by the carbazole method of 
Dische (1947), and by the modification due to Tracey (1948) 
of the classical Lefévre & Tollens (1907) method. Dis- 
crepancies between the two methods for heparin and 
chondroitin sulphuric acids have been noted by Dische 
(1947). Replicate assays showed that the error of the 
Dische method was +5%, and of the classical method 
+3% for the compounds used. 

Large osmotic pressures developed during the dialysis of 
the majority of products, probably due to their highly 
ionic nature; the cellophan dialysis tubes were therefore 
protected by calico ‘tyres’. 


Preparation of crude third factor from 
fresh hog gastric mucosae 


When the full role of a viscous medium and particulate 
insoluble matter in enhancing virulence was appreciated, 
and a more accurate biological assay for the third factor was 
available (Smith et al. 1951), the methods already in use 
(Smith, 19506, 1951) for removing the two non-specific 
factors from the crude third factor were re-examined. It 
became apparent that these methods, which were established 
using an assay (Smith, 1950a) now known to be obsolete for 
determination of the third factor, were essentially sound, 
and only slight modification was needed to improve yields. 
The procedure which has been used is as follows: 

(1) Autolysis of 200 fresh hog gastric mucosae, precipita- 
tion with industrial ethanol, and defatting with trichloro- 
ethylene (not dichloroethylene) were as described by Smith 
(19505). 

(2) The viscous constituents were removed at 0° by four 
aqueous extractions (30, 10, 10 and 101.) at pH 4:3-4-5, 
yielding 800-1000 g. dry matter. This material was assayed 
for the third factor in two ways. At a concentration of 
0-4% (w/v) it was combined with charvoal (0-4%, w/v) and 
dilute tragacanth mucilage as in the normal procedure for 
virulence-enhancing samples (Smith e¢ al. 1951). At a con- 
centration of 6-5 % (w/v) it had an inherent viscosity equal 
to that used in the normal assay: 0-4% (w/v) charcoal was 
added and the normal assay procedure was then carried out 
without the addition of tragacanth mucilage. The former 
method gave an activity of 0-08 (0-04-0-15) v.z.U./g., and 
the latter 0-02 (0-01-0-04) v.z.U./g. and a weighted mean of 
these figures gave 0-05 (0-03-0-07) v.£.U./g. 

(3) The crude third factor (130-150 g.) was then extracted 
from the insoluble residue (120-130 g.) by the method 
described by Smith (1951) except that the second alkaline 
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extraction was also made with 1% (w/v) NaHCO, (48 hr.) 
instead of with 1% (w/v) Na,CO, (24 hr.). A typical batch 
had an activity of 0-43 (0-19-0-82) v.x.U./g. 

Fractionation between pH’s 9 and 5 (Smith, 1951) has 
been omitted from the process because the above substitu- 
tion of NaHCO, for Na,CO, leaves only a small amount of 
residue at pH 9 in the preparation. This was easily removed, 
together with the material precipitated by 15% (NH,),SO,, 
at the next stage of purification: also a relatively large 
amount of activity remained in the material soluble at 
pH 5. 

Precipitation of extraneous matter with 
15% (w/v) ammonium sulphate 


Crude third factor (150 g., activity 0-43 (0-19-0-82) 
V.E.U./g.) was dissolved in water (6%, w/v) at pH 6-9-7-1. 
Solid (NH,),SO, was added with stirring to 15 % (w/v), the 
pH was readjusted to 6-9-7-1 and the mixture left at 0-2° for 
several days. The precipitate was removed by centrifuging 
at 45 000-50 000 rev./min. in the batch bow] of a Sharples 
centrifuge which had been refrigerated at 0-5°. The pre- 
cipitate was dissolved in water and, together with the super- 
natant, was dialysed at 0° against distilled water until free 
from (NH,),SO,. To stop bacterial action, a little toluene 
was added to the material in the bag. Finally, both fractions 
were freeze-dried. The 15% (NH,),SO, precipitate, yield 
34 g., had activity 0-22 (0-08-0-39) v.£.U./g.; the material 
soluble in 15 % (NH,),SO, solution, yield 88 g., had activity 
0-53 (0-30-0-95) v.E.U./g. 

Experiments showed that no further fractionation was 
possible with higher (NH,).SO, concentrations: even after 
saturation with (NH,),SO, the supernatant contained 
appreciable activity. 


Treatment with trypsin followed 
by dialysis 

Treatment with trypsin resulted in no loss of activity. 
Subsequent dialysis removed from the active fraction a large 
proportion of the peptide material (biuret test) and some 
nucleic acid residues (phosphorus analysis and absorption 
at 2600 A.). 

The material soluble in 15% (w/v) (NH,),SO, solution 
(88 g., activity 0-53 (0-30-0-95) v.E.U./g.) was dissolved in 
water (5%, w/v) containing 1% (v/v) CHCl, as a preserva- 
tive; the pH of the mixture was adjusted to 8-0 and the 
temperature to 37°. Crystalline trypsin (0-125 %, calculated 
on the initial quantity of material soluble in 15 % (NH,).SO, 
solution) (Armour and Co. Ltd.) was added, and the mixture 
allowed to stand for 4 hr. at 37°. The large amount of nucleic 
acid in the mixture provided an effective buffer and the pH 
dropped very little. The pH was readjusted to 8-0, a further 
quantity of trypsin (0-125 %) was added and the mixture left 
at 37° for 16 hr. 

- The action of the trypsin was followed by measuring the 
liberated «-amino groups using the method of Pope & 
Stevens (1939). The titration figures showed that the action 
of the trypsin was almost complete after 1 hr. The fact that 
maximum action had occurred after 20 hr. was checked by 
taking a small sample and adding 0-5% trypsin; after a 
further 1 hr. at 37° no increase in the number of «-amino 
groups was discernible. 

‘The mixture was then dialysed at 0° against distilled water 
for several days. The contents of the dialysis bag were freeze- 
dried. Yield 55 g.; activity 1-0 (0-65-1-5) v.z.u./g. The 
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material passing through the membrane had negligible 
activity. 


Separation of different polysaccharides by fraction- 
ating with barium acetate and ethanol, followed by 
removal of nucleic acid by precipitating with acid 


Analysis of barium acetate/ethanol fractions for nucleic acid, 
peptides and hexosamine; virulence-enhancing activities of 
selected fractions. The material (2-5 g.), after treatment with 
trypsin, was dissolved in water (5%, w/v), solid barium 
acetate was added to 3% (w/v) and the pH adjusted to 
6-9-7-1. After standing in the refrigerator overnight, the 
precipitate that formed was removed by centrifugation at 
0°. The supernatant was fractionated by adding various 
concentrations of ethanol, and, after standing overnight, 
removing the precipitates at 0°. Each precipitate was 
dissolved in water (20 ml.) and decomposed with Na,SO, 
(0-5 g.); BaSO, was removed by centrifugation and the 
excess Na,SO, by dialysis, and finally the solution was 
freeze-dried. The following determinations were made on 
each fraction: (1) total P; (2) absorption of light of wave- 
length 2600 A. by the same depth of 0-005 % (w/v) aqueous 
solution; (3) biuret test of Kingsley (1939) on a 0-2 % (w/v) 
aqueous solution; (4) a determination of the hexosamine set 
free by 16 hr. hydrolysis with 0-5N-HCl at 100°. 

The results, which are shown in Table 1, suggested a pro- 
cedure in which the following fractions were separated at 0°, 
decomposed with Na,SO,, dialysed and freeze-dried as 
described above: (1) precipitate on adding 3% (w/v) 
barium acetate; (2) precipitate on adding ethanol to 10% 
(v/v); (3) precipitate on adding ethanol to 50% (v/v); 
(4) supernatant from fraction 3. The yields, analyses and 
virulence-enhancing activities of these fractions are given in 
Table 2. 

Combination of the barium acetate/ethanol fractionation with 
removal of nucleic acid by precipitating at pH 2. The fraction- 
ation outlined in Table 2, and assays for virulence enhance- 
ment on various electrophoretic samples, indicated that 
neither the nucleic acid nor the peptide material was con- 
nected with virulence enhancement. Preliminary experi- 
ments on the individual fractions 1, 2 and 3 above showed 
that the nucleic acid could be removed as a precipitate of 
low activity by adjusting the reaction of an aqueous solution 
(5%, w/v) to pH 2, combined with, in the case of fractions 2 
and 3, the addition of ethanol to 10 and 20% (v/v) respec- 
tively. The active material was then precipitated from the 
supernatant by adding ethanol to 50% (v/v) and a little 
sodium acetate. This procedure has now been coupled with 
the barium acetate/ethanol fractionation. In the process 
which follows it is imperative that close attention be paid to 
the temperature of fractionation and centrifuging, and the 
concentration of constituents, otherwise undue mixing of 
fractions results. 

An aqueous solution (5%, w/v) of trypsin-treated third 
factor (55 g., activity 1-0 (0-65-1-5) v.z.U./g.) containing 
barium acetate (3%, w/v) was adjusted to pH 6-9-7-1 and 
left at 0-2° for several days. The precipitate which formed 
was removed at 0—2° at 4000 rev./min. in the angle head of a 
refrigerated centrifuge, washed once with ice-cold 3 % (w/v) 
aqueous barium acetate (100 ml.) and freeze-dried. Fraction 
A (7-5 g.). If the mixture froze at any stage in this process 
fraction A was contaminated with fraction B. If this 
occurred, the mixture was stirred for several hours at room 
temperature and then cooled again to 0-2°. 
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Ethanol was added to the supernatant and washings to 
10% (v/v) and the mixture was left at 0-2° overnight. The 
precipitate was removed and washed twice (2 x 100 ml.) as 
described above with 3 % (w/v) barium acetate solution to 
which ethanol had been added to 10% (v/v). It was then 
freeze-dried. Fraction B (24-9 g.). 

The ethanol content of the supernatant and washings was 
raised to 50 % (v/v) and after standing at 0—2°, the precipi- 
tate was removed, washed twice (2 x 100 ml.) with 3 % (w/v) 
barium acetate/50 % (v/v) ethanol as described above, and 
freeze-dried. Fraction C (19-1 g.). The supernatant was 
reserved. 
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v.E.U./g.) The supernatant was reserved. A further small 
quantity (0-3 g.) of polysaccharide A can be obtained by 
dissolving the nucleic acid at pH 7 and reprecipitating at 
pH 1-8-2-0. 

Fraction B was treated as described for fraction A except 
for two points. After adjusting the pH of the mixture to 
1-8-2-0, ethanol was added to 10 % (v/v). The final product 
was precipitated in a rather gelatinous state and was best 
removed in the batch bowl of the Sharples centrifuge. 
(Polysaccharide B (5-0 g.); activity 0-74 (0-44—1-3) v.z.U./g.) 

Fraction C also was treated as described for fraction A 
except for two points. A concentration of 20% (v/v) 


Table 1. Yields and analyses of samples from the barium acetate/ethanol fractionation 


Fractions precipitated 


cE ——a— 





By 3% In super- 
(w/v) barium With ethanol added to 3% (w/v) barium acetate solution natant after 
acetate to give the following % (v/v) adding 
solution c A ~ 50% (v/v) 
alone 2-5 5-0 75 10 15 25 35 50 ethanol 
Yield (%) 10 12 16 4 2 6 2 6 10 
Absorption of light of 47 42 79 88 88 68 55 10 6 7 
wavelength 2600 A. by 
0-005 % (w/v) solution 
(1 em. depth) (%) 
P (%) 1-8 1-4 4-2 5-8 3-2 1-0 0-5 0-6 0-25 
Biuret test on 0-2% Neg. Neg. Neg. Neg. Neg. Neg. Neg. Neg. Trace Strong 
(w/v) solution 
Hexosamine liberated by 5-0 22 12-5 4-5 6-3 14-5 15-3 22-0 24-5 7-5 


0-5N-HCI at 100° for 
16 hr. (%) 


Neg. =negligible. 


Table 2. Yields, analyses and virulence-enhancing activities of selected barium acetate/ethanol fractions 


(Initial trypsin-treated material 0-87 (0-45-1-7) v.z.U./g.) 


Hexosamine set 
free by 0-5N-HCl 


Yield Virulence-enhancing r at 100° for 16 hr. 
Fraction no. (%) activity (V.E.U./g.) (%) (%) Biuret test 
1 (3% Barium acetate, no 9 2-7 (1-9-4-0) 1-4 5-5 Negligible 
ethanol) 
2 (3% Barium acetate, and 28 0-84 (0-53-1-3) 4-0 10-3 Negligible 
ethanol added to 10%, v/v) 
3 (3° Barium acetate and 16 1-1 (0-64-1-9) 1-7 12-0 Trace 
ethanol added to 50%, v/v) 
4 (Supernatant from 3) 8 0-73 (0-49-1-3) 0-4 8-7 Strong reaction 


Fraction A was suspended in water (6 %, w/v), warmed to 
about 37° and solid Na,SO, (15 % of the weight of fraction A) 
was added, and the mixture shaken at room temperature for 
0-5 hr. The pH was adjusted to 1-8—2-0 with 12N-H,SO,, and 
the mixture immediately cooled to 0-2° and left at this 
temperature overnight. The precipitate of nucleic acid and 
BaSO, was removed at 0-2° at 45 000-50 000 rev./min. in 
the batch bowl of a refrigerated Sharples centrifuge, and 
reserved. Ethanol was added to the supernatant to 50% 
(v/v), then 1% (w/v) sodium acetate was added and the 
mixture was left at —10° overnight. The precipitate was 
removed at —10 to 0° in the angle head of a refrigerated 
centrifuge, dissolved in water at pH 7, dialysed for several 
days against frequent changes of distilled water and freeze- 
dried. (Polysaccharide A (2-6 g.); activity 4:5 (2-8-7-3) 
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ethanol was used in the nucleic acid precipitation mixture 
and 2% (w/v) sodium acetate was added to the 50% (v/v) 
ethanolic precipitation of the active material (3-6 g.); 
activity 1-9 (1-3-2-9) v.z.v./g. This material contained 
hexuronic acid and ester sulphate residues (see below under 
polysaccharides A and B). Most of these residues could be 
removed in a precipitate (1-7 g., activity 1-5 (1-2-1-9) 
V.E.U./g. after decomposing with Na,SQ,) obtained by 
adding ethanol to 30% (v/v) to a 5% (w/v) solution at 
pH 7 containing 3 % (w/v) barium acetate. Polysaccharide 
C was precipitated by raising the ethanol concentration to 
50% (v/v). After reaction with Na,SO, and centrifugation 
to remove BaSO,, polysaccharide C was dialysed against 
distilled water and freeze-dried. (Yield 1-1 g.; activity 2-1 
(1-7-2-6) v.E.U./g.) 
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The nucleic acid precipitates and the 50 % (v/v) ethanolic 
supernatants from all three fractions were combined with 
thesupernatant containing peptide material from the barium 
acetate/ethanol fractionation, which had been decomposed 
with Na,SO,. The pH was adjusted to 7 and BaSO, removed 
by centrifugation. After dialysis for several days against 
distilled water it was freeze-dried (30-5 g.). (Activity 0-22 
(0-13-0-35) v.E.U./g.) 


The chemical nature and biological properties 
of polysaccharides A, B and C 


Table 3 summarizes the important distinguishing 
properties of these compounds. It includes a 
determination of anticomplementary activity in a 
system involving sheep cell haemolysis: our col- 
league, Dr H. P. Lambert, has shown that such 
activity is a distinct property of polysaccharide A. 

Polysaccharide A has been further purified and 
obtained essentially homogeneous; it has been 
identified as a heparin and crystallized as the acid 
barium salt. The following paper describes its 
properties in detail, but relevant data are included 
in Table 3 for comparison with the other poly- 
saccharides. 

Polysaccharide B is the sodium salt of a poly- 
saccharide sulphuric ester. The pH (6-0—6-5) of the 
aqueous solution indicates a mixed acid and neutral 
salt. It is contaminated slightly with nucleic acid as 
shown by a phosphorus content of 0-4 % and a slight 
peak at 2600 A. in the absorption of ultraviolet 
light in solution. Although it is still impure, the 
following analysis, and that given in Table 3, indi- 
eate that it is predominantly mucoitin mono- 
sulphuric acid, or the acid polysaccharide of Meyer, 
Smyth & Palmer (1937), and Meyer (1938), which 
was also prepared by Wolfrom et al. (1943), and later 
shown to be a mixture of substances by Wolfrom & 
Rice (1947). Found: N-acetyl (CH,CO), determined 
by hydrolysing with 25 % (w/v) p-toluenesulphonic 
acid at 100° overnight and titrating the distilled 
acetic acid, 5-2; total S (fusion) 5-5; ash 21-7; 
sulphated ash 22-7; N, 52%. [a]%° in water 
= —15-5° (c, 1). Meyer et al. (1937) give [a]? 
= — 20-2 and — 22-2° for two preparations of acid 
salt and [«]} = —35-7 for a neutral preparation. 
Meyer (1938) gives [a], = — 8-1° for a neutral sodium 
calcium salt; Wolfrom et al. (1943) give [«]?° in 
water= — 15° (c, 2) for the neutral sodium salt and 
— 7-4° for the acid sodium salt. 

The virulence-enhancing activity of polysac- 
charide B is low compared with the other poly- 
saccharides, especially with polysaccharide A. It is 
known that polysaccharide A remains slightly 
soluble at 0° on the addition of 3% (w/v) barium 
acetate at pH 6-9—7-1, and that addition of ethanol 
to a final concentration of 10% (v/v) precipitates a 
large amount of this material. Polysaccharide B, 
therefore, contains some A, and a rough estimation 
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of the proportion of the latter can be obtained from | 
the figures on the liberation of hexosamine by | 
hydrolysis at 100° with 0-5N- and 3N-hydrochlorie / 
acid. Hydrolysis of polysaccharide A at 100° for 
16 hr. liberates 7:5% hexosamine if 0-5N-hydro- 
chlorie acid is used, and 25-2 % if 3n-hydrochloric 
acid is substituted ; the latter figure is not increased | 
by further hydrolysis. Hydrolysis of polysaccharide | 
B with 3n-hydrochloric acid for 16 hr. liberates © 
25-1% hexosamine, and this is not increased by 
longer hydrolysis. Fig. 1 shows that the hydrolysis 
with 0-5n-hydrochlorie acid liberates 20% hexos- 
amine in 8hr. and this figure is only increased 
slowly by longer hydrolysis. It is probable that the 
difference between these values for polysaccharide 
B is due to the amount of polysaccharide A present. 
A short calculation shows that the virulence-en- 
hancing activity of polysaccharide B can be largely 
attributed to the presence of polysaccharide A, and 
if B has any inherent activity it is very low. 


25 
20 
15 


10 


Hexosamine liberated (%) 


5 10 15 20 25 
Time (hr.) 


Fig. 1. The liberation of hexosamine from polysaccharide B 
by 0-5N-HCl at 100°. 


Polysaccharide C. Table 3 shows that this com- 
pound is different from polysaccharide A. It is still 
impure (P=0-2%, slight positive biuret reaction), 
but its relatively high activity, coupled with the 
difference in chemical and biological properties from 
polysaccharide A, warrant further purification and 
investigation of this compound or mixture of 
compounds. 

Polysaccharide C must form some complex with 
protein just as do the sulphated polysaccharides, 
since it remains insoluble at pH 4-3-4-5, when the 
crude third factor is washed with water at that pH. 
Nevertheless, the relatively weak ionic nature of 
polysaccharide C would tend to make this complex 
less stable than that of polysaccharides A or B. It is 
possible, therefore, that the low activity (0-05 
(0-03—0-07) v.£.vU./g.) of material extracted at pH 
4-3—4-5 is due more to polysaccharide C than to A. 
Investigation of this material as an additional 
source of polysaccharide C is being carried out. 
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The synergism of a combination of polysaccharides A 
(or a sample of heparin) and polysaccharide C in the 
biological assay for the third factor 


In consultation with our colleague, Mr 8. Peto, 
experiments were devised to test the synergism of 
a mixture of polysaccharides A and C in the bio- 
logical assay for the third factor. In view of the 
identification of polysaccharide A as a heparin, an 
authentic sample of heparin was also included in the 
experiments. 
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Twenty mice were injected with each concentration 
in each test and the death rates for all these indi- 
vidual tests were analysed by Mr S. Peto, who has 
written an addendum to this paper. He found the 
test for synergism of the combination of poly- 
saccharides A and C to be significant, and the 
mixture is estimated to be approximately 70% 
more active than if its constituents acted similarly. 
This is of the order one would have expected from 
the recovery of activities mentioned above. In the 
case of the sample of heparin there is also a strong 


Table 4. Synergism of a combination of polysaccharide A (or a sample of heparin) 
and polysaccharide C in the biological assay for the third factor 


(For the general technique of the biological assay for the third factor see Smith et al. (1951). The figures quoted are the 


average death rates (% 


) for each concentration in all of four tests, twenty mice being injected with each concentration in 


each test. The individual tests were analysed by Mr S. Peto, who has written an addendum to this paper. Adequate control 


experiments rule out any toxicity in the samples injected.) 


Conen. 

Injection material (%) 
Polysaccharide A 0-05 
Polysaccharide C 0-1 
Polysaccharide A 2 parts | 0-07 
Polysaccharide C 3 parts } 
Heparin (Boots Pure Drug Co. Ltd.) 0-05 
Heparin (Boots Pure Drug Co. Ltd.) 2 ic 0-07 


Polysaccharide C 3 parts 


This series of experiments was prompted by two 
facts. First, the wide difference in chemical and 
biological properties of the two polysaccharides 
suggested that they might impede different host 
defence mechanisms, and some synergic effect would 
be expected. Secondly, the total yield of activity 
(based on the most probable figures) of all the 
fractions recovered in the barium acetate/ethanol 
fractionation was low (50-70%); this would not be 
surprising for one fractionation, in view of the 
fiducial limits of the virulence-enhancing activities, 
but all such fractionations yielded similar figures. 
There was a loss of material through dialysis 
membranes when the complexes of protein with 
nucleic acid and polysaccharide were split, but we 
have no evidence of loss of activity through these 
membranes. 

Polysaccharide A (activity 3-9 (2-9-5-1) v.E.U./g.) 
and a sample of heparin (Boots Pure Drug Co. Ltd., 
activity 3-2 (2-1—4-8) v.z.v./g.) were tested in the 
biological assay for the third factor at concentra- 
tions of 0-05, 0-025 and 0-0125 % (w/v) and a sample 
of polysaccharide C (activity 2-1 (1-7—2-6) v.£.v./g.) 
at concentrations of 0-1, 0-05 and 0-025 % (w/v). In 


the same test, mixtures of 2 parts of polysaccharide 
A or heparin and 3 parts of polysaccharide C were 
injected at concentrations of 0-07, 0-035 and 
0-0175 % (w/v), which should give approximately 
the same death rates as the individual samples if no 
synergism occurred. This test was repeated four 
times with the same batch of polysaccharide C. 


Deaths Conen. Deaths Concn. Deaths 
(%) (%) % (%) %) 
63 0-025 56 0-0125 50 
77 0-05 65 0-025 50 
89 0-035 68 0-0175 54 
75 0-025 57 0-0125 42 
93 0-035 54 0-0175 60 


indication that a combination of it with poly- 
saccharide C is synergic, and it is estimated that the 
mixture is approximately 50% more active than if 
its constituents acted similarly. 

Table 4 -summarizes these experiments. For 
brevity, the average death rates (%) for each con- 
centration of the materials used in all four tests is 
quoted instead of the individual values. 


The virulence-enhancing activities of various bacterial 
polysaccharides: their chemical nature and bio- 
logical properties 
The fact that the activity of the third factor lies 

in the polysaccharide moiety prompted an investi- 

gation of several bacterial polysaccharides for 
virulence enhancement, anticoagulation and anti- 
complementary activity. Prof. M. Stacey and 

Dr W. G. Overend of the University of Birmingham 

kindly supplied us with a number of such poly- 

saccharides. Two of animal origin—a galactogen 
from trypsin and seromucoid—have also been in- 
cluded in the investigation. The virulence-enhancing 

activity was determined at concentrations 0-1, 0-05, 

0-025 and 0-0125 % (w/v) in the normal assay for the 

third factor (Smith e¢ al. 1951), making certain that 

the inherent viscosity of some of the preparations 

did not affect unduly the ‘standard’ viscosity of the 

solutions used in the assay. 

The results of this investigation, together with a 
brief outline of the known chemical nature of these 
compounds are included in Table 3 for comparison 
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with polysaccharides A, B and C. All the bacterial 
polysaccharides were active in enhancing virulence, 
yet the two of animal origin had negligible activity 
at the concentrations used. 


DISCUSSION 


The fourth paper in this series (Smith et al. 1951) 
made it clear that the virulence-enhancing action of 
hog gastric mucin was due to a synergic combination 
of a viscous medium, a particulate residue and a 
soluble third factor. In the present paper the 
activity of the crude third factor (Smith, 1951) has 
been shown to reside in the carbohydrate moiety: 
furthermore, this moiety has been separated into at 
least three different parts, two of which—poly- 
saccharides A and C—are involved in the virulence 
enhancement. 

Polysaccharide A has been obtained essentially 
homogeneous and identified as a heparin (see follow- 
ing paper). Polysaccharide B is impure, but is pre- 
dominantly mucoitin monosulphurie ester or the 
‘acid polysaccharide’ of Meyer et al. (1937). Its lae- 
vorotation, ester sulphate analysis and the presence 
of acetyl residues show that it is different from poly- 
saccharide A and heparin. It has alow activity which 
can be largely, if not totally, attributed to the 
presence of polysaccharide A. Purification of this 
compound with regard to its virulence-enhancing 
activity, therefore, has been discontinued. Poly- 
saccharide C is as yet impure, but it is clearly 
different from polysaccharide A. It has a relatively 
high activity and further fractionation of this com- 
pound or mixture of compounds is being continued. 

Coupled with the difference in the chemical and 
especially the ionic nature of polysaccharides A and 
C is a marked difference in biological properties. 
Polysaccharide A is a powerful anticoagulant for 
blood and has a strong anticomplementary effect in 
a system involving sheep cell haemolysis; poly- 
saccharide C is devoid of any such activity. It is 
quite possible, therefore, that the two poly- 
saccharides may have different modes of action in 
helping to enhance virulence; this view is strongly 
supported by the synergic effect of a combination of 
the two in the assay for the third factor involved in 
virulence enhancement. Investigations into the 
mode of action of mucin in enhancing virulence must 
take account of this possibility, in addition to the 
effects of the particulate matter and of a viscous 
medium. The virulence-enhancing action of hog 
gastric mucin is an excellent example of biological 
activity being due to a system of interacting factors, 
rather than to one factor alone. The relative import- 
ance of the various factors operating might well vary 
with the nature of the organism establishing the in- 
fection and the particular host defence mechanisms 
called into play in combating that infection. 

Polysaccharides of non-pathogenic bacteria 
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(levans from Aerobacter levanicum and Bacillus 
subtilis, dextran from Leuconostoc mesenteroides 
cellulose from Acetobacter xylinum) and of patho- 
genic bacteria (Escherichia coli, Salmonella typhi, 
Salmonella enteritidis, Klebsiella capsulata, Pneu- 
mococci Types I and II) have been shown to have 
virulence-enhancing activity at concentrations of 
0-2-2:0% (Olitzki, 1948; Olitzki, Shelubsky & 
Hestrin, 1946; Felton & Bailey, 1926; Ward, 1930). 
When examined in the biological assay for the third 
factor, in which samples are injected in the presence 
of a fixed amount of particulate residue and in a 
medium of constant viscosity (Smith et al. 1951), 
various bacterial polysaccharides rroved active at 
low concentrations (0-1% (w/v) and lower). The 
interesting fact is that the activities of these com- 
pounds are of the same order as polysaccharide C, 
which they also resemble in containing no large 
amounts of highly ionic sulphate residues, and in 
having no anticoagulatory or anticomplementary 
action. It is relevant to point out that the virulence- 
enhancing activity or ‘aggressin effect’ of Types I, 
II and III pneumococcus polysaccharides has been 
attributed to some extent to their antiopsonic and 
antiphagocytic action (for discussion see Wilson & 
Miles, 1946). 

Although the above compounds 
designated polysaccharides, Stacey (1946) believes 
that all bacterial polysaccharides retain a small 
amount of amino-acid residues which are important 
as regards serology and antigenicity. Mucopoly- 
saccharides is perhaps a better name for these com- 
pounds, and for polysaccharide C; the latter still 
contains amino-acid residues which may have an 
important bearing on its activity. 


have been 


SUMMARY 

1. The virulence-enhancing activity of the third 
factor of hog gastric mucin resides in at least two 
predominantly polysaccharide fractions. 

2. These fractions differ in chemical nature and 
in some biological properties. The first, which has 
been purified and identified (see following paper), 
contains highly ionic sulphate residues and has an 
intense anticoagulatory and anticomplementary 
activity ; the second fraction, which is still impure, is 
devoid of such residues and activities. When com- 
bined together in the biological assay for the third 
factor the two fractions have a synergic effect. 

3. Various bacterial polysaccharides have viru- 
lence-enhancing activities and other biological 
properties similar to the second of these fractions, 


Our thanks are due to Dr H. P. Lambert for carrying 
out determinations of anticomplementary action, and to 
Mr R. Strange for micro-analyses. 

Acknowledgement is made to the Chief Scientist, Ministry 
of Supply, for permission to publish this paper. 
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ADDENDUM 


Statistical Treatment of Data Regarding the Synergism of 
Mixtures of Polysaccharides A and C 


By 8. PETO 
Microbiological Research Department, Experimental Station, Porton, Wilts 


(Received 3 December 1951) 


METHOD 


The general details of the tests involving poly- 
saccharide A (A), a sample of heparin (H), poly- 
saccharide C (C) and mixtures of the latter with the 
other two (A/C and H/C) are given above. 


and used as a measure of the synergism. In addition, 
the logarithm (M +its standard deviation) of the 
ratio of the observed potency of the mixture to that 
predicted on the above-mentioned hypothesis was 
calculated. 

These results (A’s and M’s) for the four individual 


Table 1. Mean probit differences (A) and the logarithms (M) of the ratio of observed potency of the mixture to 
that predicted on the hypothesis of similar action of mixtures (A/C, H/C) of polysaccharide A, a sample of 


heparin (H) and polysaccharide C 


Method of 


calculation A A/C M A/C 
1 0-242+0-134 0-244+.0-108 
2 0-311+40-106 0-236 + 0-084 
3 0-305 + 0-106 0-261 +0-099 


Assuming similar synergic action five parallel 
probit-log dose regression lines (A, H, C, A/H, H/C) 
have been fitted for each of the four replicate ex- 
periments. The mean probit difference (A+its 
standard deviation) between the observed probit- 
dosage relationship of the mixture and that pre- 
dicted according to the hypothesis of similar action 
has been calculated as described by Finney (1947) 


AH/C 
0-234 40-136 
0-242 + 0-106 
0-245 + 0-253 


MHIC 
0-196 +0-102 
0-184 + 0-083 
0-168 + 0-202 


experiments have been combined using three 
different methods: 

(1) Taking weighted means with reciprocal 
variances as weights and the reciprocal of the sum of 
the weights as the variance of the weighted mean. 

(2) Constructing a new set of regression lines with 
=USnwea?, USnwxey, USnwy?, ete. 

(3) By adding corresponding mortalities and 
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fitting two groups of three probit-dosage regression 
lines, namely, A, C, A/C and H, C, H/C. 
Table 1 summarizes these combined results. 
DISCUSSION 

The assumption of parallelism was not contradicted 
in three of the individual comparisons, but the 
fourth, which was somewhat erratic, showed 
significant departure from parallelism. On combin- 
ing the results as described in (2) and (3) above only 
(3) A/C showed a deviation from parallelism. In 


VIRULENCE-ENHANCING FACTOR OF MUCINS 23 


all four experiments there was a tendency for the 
regression lines of the mixtures to be steeper than 
those of their constituents. The inflated variances of 
(3) H/C are due to a large heterogeneity factor. 

The significance of the synergism of a mixture of 
polysaccharides A and C is undoubtedly shown by 
these tests. This mixture is estimated to be approxi- 
mately 70% more active than if its constituents 
acted similarly: the corresponding figure for the 
mixture of the sample of heparin and polysaccharide 
C is approximately 50%. 


REFERENCE 
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6. IDENTIFICATION OF A HEPARIN AS THE MAIN COMPONENT OF THE 
THIRD FACTOR INVOLVED IN VIRULENCE ENHANCEMENT 


By H. SMITH, R. C. GALLOP, PATRICIA W. HARRIS-SMITH anp J. L. STANLEY 
Microbiological Research Department, Experimental Station, Porton, Wilts 


(Received 3 December 1951) 


The third factor involved in the virulence-enhancing 
action of hog gastric mucin has been shown to be of 
predominantly carbohydrate nature, and has been 
split into two quite different active parts named 
polysaccharides A and C, which form a synergic 
combination (Smith, Gallop & Stanley, 1952). This 
paper describes the purification of polysaccharide A, 
the evidence that it is essentially homogeneous, its 
identification as a heparin, and its crystallization as 
an acid barium salt. 


EXPERIMENTAL 


The same remarks made in the previous paper 
(Smith et al. 1952) regarding the activities of 
virulence-enhancing samples, and analyses for 
hexosamine and hexuronic acid, are applicable here. 


Purification of polysaccharide A 


Polysaccharide A (4:3g.), prepared as described by 
Smith e¢ al. (1952), was dissolved in water (86 ml.). Solid 
barium acetate (3%, w/v) was added, the pH was adjusted 
to 6-9~7-1 and the mixture was left at 0-2° for several days. 
The precipitate was collected in a refrigerated centrifuge at 
0-2° and washed twice (2x9 ml.) with ice-cold barium 


acetate solution (3%, w/v). The neutral Ba salt was dis- 
solved in water (100 ml.) at pH 7-0 and Na,SO, (1 g.) was 
added. The BaSO, was removed by centrifugation and the 
solution was dialysed against distilled water at 0°, in a 


cellophan tube strengthened by an outer ‘tyre’ of calico, 
until free from sulphate. A trace of colloidal BaSO, was 
removed by filtering through well washed ‘Celite’ filter aid, 
and the solution was freeze-dried; yield 3-2 g., activity 3-9 
(2-9-5-1) virulence-enhancing units (v.£.U.)/g. The pH of an 
aqueous solution was approximately 6, indicating that a 
mixture of acid and neutral Na salt (see below) was produced 
owing to a slight loss of sodium ions during dialysis. 

When the polysaccharide had been identified as a 
heparin, it was found that the acid Ba salt could be crystal- 
lized directly from the neutral Ba salt, prepared as de- 
scribed above. Neutral Ba salt (50 mg.) was dissolved in 
warm water (2 ml.) and a trace of insoluble matter was re- 
moved by centrifugation. The solution was heated to 65 
and glacial acetic acid (0-3 ml.) added; the mixture was 
cooled slowly to room temperature and then in a refriger- 
ator. The sheaves of crystals (30 mg.) were removed by 
centrifugation, washed with 50 % acetic acid, glacial acetic 
acid, absolute ethanol and ether, and dried in a vacuum 
desiccator over P,O,. 


Tests for homogeneity 


Electrophoresis. An investigation carried out by our 
colleague, Dr B. R. Record, is described in the addendum to 
this paper; it showed polysaccharide A to be electro- 
phoretically homogeneous at pH’s 8-0 and 4-5. 

Analyses carried out by us on the material migrating as 
the single peak, and on that in the stationary boundary, are 
given in Table 1; these analyses are proof that the latter was 
an artifact. 
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Ultracentrifugal analysis. Polysaccharide A was ex- 
amined in a Spinco ultracentrifuge by Dr J. M. Creeth of the 
Courtauld Institute of Biochemistry, Middlesex Hospital, 
London, who writes in the addendum to this paper. 

A1% (w/v) solution in phosphate buffer at pH 8-0 and in 
acetate buffer at pH 4-5 gave sedimentation diagrams which 
were characteristic of a single homogeneous substance. 

Fractional solubility test. The modification by Aminoff, 
Morgan & Watkins (1950) of the classical equilibrium 
method of solubility test was used because of the extreme 
solubility in water of polysaccharide A. 
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The chemistry of polysaccharide A, 
its identification as a heparin 


The chemistry of polysaccharide A outlined below 
leaves no doubt that it is a heparin. Heparins are 
polymeric mucoitin sulphuric acids in which the 
number of sulphate groups can vary considerably 
(Jorpes & Gardell, 1948); details of the chemistry 
are given by Reinert & Winterstein (1939), Charles 
& Todd (1940), Wolfrom, Weisblat, Karabinos, 


Table 1. Analysis and virulence-enhancing activities of polysaccharide A 
and preparations obtained on its electrophoresis 


(A 2% (w/v) solution of polysaccharide A was used for electrophoresis and the samples (approx. 3 ml.) collected from 


the apparatus by Dr B. R. Record.) 





Electro- Analysest 
phoretic co A eee 
fraction After 16 hr. hydrolysis 
(%, w/v, from Wt. of Hexuronic with 3n-HCi Virulence 
refractive material acid ——__—"——_ enhancing 
index recovered* (Dische Hexosamine activity 
Preparation difference) (mg.) method) (%) SO, (v.E.U./g.) 
Polysaccharide A ° ° 34-6 25-2 + 3-9 (2-9-5-1) 
Acetate buffer, pH 4-5: 
Migrating component 1-0 27 35:2 24-1 aa 4-1 (2-0-7-6) 
Stationary boundary 0-4 Less than 1 Nil Nil Nil oe 
Phosphate buffer, pH 8-0: 
Migrating component 0-9 25 35-2 25-0 e 4-1 (2-0-7-6) 
Stationary boundary 0-4 Less than 1 Nil Nil Nil RS 


* After dialysis and freeze-drying. For the stationary boundary only half (1-5 ml.) dialysed. 
{ For migrating fractions, on material recovered after dialysis; for stationary boundary, on the solution from electro- 


phoresis. 


{ There was insufficient material for an animal test in this experiment, but in a similar experiment, the material from 


the stationary boundary had negligible activity. 


Table 2. Fractional solubility test on polysaccharide A 





Fraction 
Fea ~ 
Analysis 1 2 3 4 5 
[o] 3°" + 10° +50 +50 +52°5 +55 +52°5 
Hexosamine (%) 25-3 24-0 23-8 23-6 25-2 
Hexuronic acid (%) (Dische, 1947) 34-6 36-0 34-9 36-4 37-0 
S (as acid-hydrolysable sulphate % 10-6 10-8 11-0 11-2 11-2 


A small quantity (150 mg.) of polysaccharide A was 
shaken vigorously with successive quantities (8-10 ml.) of 
50% (v/v) aqueous ethanol at room temperature for 0-5 hr. 
After each addition of aqueous ethanol and subsequent 
shaking, the suspension was left at 0-2° overnight and 
centrifuged at this temperature. The material (approx. 
20 mg.) was recovered from each supernatant by drying over 
P,O, at 0-1 mm. Hg and was dissolved to give solutions of 
known concentration. These solutions were analysed for 
optical rotation, hexosamine liberated by 16 hr. hydrolysis 
at 100° with 3n-HCl, hexuronic acid by the Dische method 
(1947), and S as sulphate hydrolysable by 6N-HCl in 16 hr. 
at 100°. The results are given in Table 2, and bearing in mind 
the limits of the assays on such small quantities of material, 
no heterogeneity is indicated by these figures. 


McNeely & McLean (1943), Wolfrom & Rice (1946, 
1947), Jorpes, Bostrém & Mutt (1950), Wolfrom, 
Montgomery, Karabinos & Rathger (1950) and 
Meyer & Schwartz (1950). Samples of heparin used 
by these workers were, in the main, obtained from 
liver and lung ‘tissue; the analyses indicated the 
presence of an average of two to three sulphate 
groups for each hexosamine-uronic acid unit in the 
polymer chain. 


Elementary analysis, hexosamine and hexuronic acid 
analysis and optical rotation. Table 3 shows the analytical 
figures for polysaccharide A together with those published 
by Reinert & Winterstein (1939) and Wolfrom et al. (1943) 
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for the neutral Na salts of different samples of heparin, and 
those calculated for an average polymer unit composed of a 
mucoitin disulphuric acid. Hydrolysis with 3N-HCl at 100° 
was needed to liberate the maximum quantity of hexos- 
amine; only 7-5% was set free by 16 hr. hydrolysis with 
0-5 N-HCI: some resistance to acid hydrolysis has been noted 
for heparin (Jorpes, 1946). 

The sample contained no inorganic sulphate. After 
hydrolysis with 3N-HCl for 6 hr., sulphate was recovered 
equivalent to 11-3 % S: this shows that all the S was present 
as ester sulphate. 

Amino N. (a) Van Slyke method. After hydrolysis with 
3n-HCl at 100° for 24 hr. polysaccharide A gave 235% 
amino N: glucosamine hydrochloride gave a recovery of 
99-4 % after the same hydrolysis. With 6N-HCl at 100° for 
24 hr. the corresponding figures were: polysaccharide A, 
2-31 %, glucosamine hydrochloride, 87-8 % recovery. 

On applying the Van Slyke method to polysaccharide A 
without previous hydrolysis, the amino N figure increased 
with the time of reaction with HNO, at 25° (2 min. 0-47 %, 
30 min. 1-:03%, 60 min. 1-34%, 90 min. 1-97%). Extra- 
polation to zero time gave a strong indication that the 
hexosamine amino group is fully substituted. The same 
result has been reported for heparin (Wolfrom et al. 1943). 

(b) Ninhydrin method. No «-amino N was detectable in 
polysaccharide A by the ninhydrin method after 24 hr. 
hydrolysis with 6N- and 3N-HCl. This indicates the absence 
of amino-acid residues, and it is confirmed by evidence from 
paper chromatography and absorption of ultraviolet light 
(see below). 

Paper chromatography. (a) D-Glucosamine. 24 hr. (100°) 
hydrolysates of polysaccharide A with 3N- and 6N-HCl 
were examined on one-dimensional paper chromatograms 
using a mixture of collidine and lutidine as solvent. On 
developing with alkaline acetonylacetone followed by p- 
dimethylaminobenzaldehyde (Partridge, 1948), the presence 
of p-glucosamine and the absence of chondrosamine was 
indicated. 

(b) Absence of amino-acids. The same hydrolysates were 
examined on a two-dimensional paper chromatogram using 
phenol and collidine as solvents and ninhydrin as developer. 
No amino-acid spot was visible. 

(c) Absence of various sugars. 1, 5 and 24 hr. hydrolysates 
(100°) of polysaccharide A with 0-1N-, 0-5N- and 3N-HCl 
were examined on one-dimensional paper chromatograms, 
using butanol and a mixture of collidine and lutidine as 
solvents and aniline phthalate as developer. Glucose, 
ribose, galactose, fructose, mannose, xylose and galacturonic 
acid were also placed on the same paper. No sugar spot, but 
only pink smears, were apparent in the hydrolysates. 
Furfural, which is formed readily from p-glucuronic acid, 
gives a pink colour with the developer, but is too volatile to 
give a definite spot on the paper (see also Partridge, 1950). 

Absence of N-acetyl groups. After much controversy, it is 
now generally agreed that heparins do not contain any 
appreciable quantity of N-acetyl groups (Wolfrom e¢ al. 
1943; Jorpes et al. 1950). On hydrolysis with 25% (w/v) 
p-toluenesulphonic acid, both under reflux for 2 hr. and in 
a sealed tube at 100° for 16 hr., the maximum amount of 
distillable acid from several different quantities of poly- 
saccharide A was equivalent to less than 0-5% N-acetyl 
(CH,CO—). The same method gave consistent results for the 
appreciable N-acetyl groups in polysaccharide B (see 
Smith et al. 1952), and in a sample of crude blood group A 


substance. 
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Emission spectroscopy for metals. This was carried out by 
Mr L. C. Thomas of the Chemical Defence Experimental 
Station, Porton, Wilts. A solution of polysaccharide A (not 
the ash) was sprayed into a flame. The emission spectrum 
produced indicated the presence of 9-4% Na, 0-2% Ca and 
traces of Al, Si, Mg, Cu, Ag and Fe. 

Absorption of ultraviolet light. The ultraviolet light ab- 
sorption of polysaccharide A was examined in a Unicam 
quartz spectrophotometer in a cell 1 cm. thick. A 0-05% 
(w/v) solution of polysaccharide A in water at pH 7 gave an 
absorption curve which is shown in Fig. 1. There is no 
significant increase in absorption at 2600 and 2800 A. 
Nucleic acids and aromatic amino-acids, respectively, 
absorb ultraviolet light at these wavelengths. 
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Fig. 1. The ultraviolet absorption spectrum of poly- 
saccharide A (0-05 % (w/v) in water, pH 7). 
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pH 


0 10 20 30 
ml. 0:01245N-HCI added 
Fig. 2. Potentiometric titration of polysaccharide A 
(20 mg.). 


Potentiometric titration. Polysaccharide A (20 mg.) was 
dissolved in water (2-5 ml.); one drop of 0-5n-NaOH was 
added and the pH rose from 6-1 to 10-4. This solution was 
then titrated against 0-01245 n-HCl, the pH being measured 
by a glass electrode. The curve (Fig. 2) for this titration 
shows that the uronic acid carboxyl group is free, as is that 
in heparin (Wolfrom et al. 1943; Jorpes, 1946). The amount of 
acid (2-7 ml.) required to carry the titration from pH 6-5 to 
3-0 indicates an approximate equivalent weight of 595. Di- 
and tri-sodium salts of mucoitin disulphuric acid would have 
equivalent weights of 541 and 563 respectivelv. 
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Isolation of p-glucosamine hydrochloride. The Ba salt of 
polysaccharide A (0-5g.) was refluxed for 16 hr. with 
3Nn-HCl (50 ml.). Approximately the correct quantity of 
extra Ba needed to precipitate the excess sulphate was added 
as BaCl,. After removing the BaSO, by centrifugation, the 
liquid was concentrated to a syrup under reduced pressure to 
remove excess HCl. Water (50 ml.) was added, the solution 
was freed from barium and sulphate ions and evaporated to 
asyrup. After standing in a refrigerator overnight crystals 
formed, the quantity being increased by cautiously adding 
acetone. These crystals (90 mg., [«]?>° in water= +66-2° 
(c, 0-4), 96.4% hexosamine hydrochloride by the method of 
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and in polarized light. We are indebted to our colleague 
Mr E. O. Powell for these photographs. 

Found on material dried at 60° over P,O; at a pressure of 
0-1 mm. Hg, C, 22-3; H, 3-4; N, 2-4; S, 9-9; Ba, 22-3; ash 
(sulphated), 36-7%; hexosamine liberated by 16 hr. 
hydrolysis with 3N-HCl, 22-89%; hexuronie acid by the 
method of Tollens & Lefévre, 23-3%, by the method of 
Dische (1947) 29-9%. Calc. for the acid Ba salt of a polymer 
with an average unit of mucoitin disulphuric acid, i.e. 
C,,H,,0,,NS,Ba, C, 22-8; H, 2-7; N, 2-2; S, 10-1; Ba, 21-7; 
ash (sulphated), 36-8; hexosamine, 28-2; hexuronic acid, 
30-4%. 





(a) 


1) 


Fig. 3. Crystals of the acid barium salt of polysaccharide A in ordinary (a) and polarized (5) light. 
Magnification, x 500. 


Elson & Morgan, 1933) were recrystallized from a mixture of 
water, methanol and acetone. Found: N, 6-5. Cale. for 
C,H,,0,N, HCI: N, 6-5 %; [«]°° in water = +71°+2° (¢, 1), 
after 24 hr.; the generally accepted value for glucosamine 
hydrochloride is |«]?° = +72-5°. As a final check on the 
identity, an X-ray powder photograph gave a diffraction 
diagram which was the same as that for an authentic 
specimen of p-glucosamine hydrochloride and not that for 
an authentic specimen of chondrosamine hydrochloride. We 
are indebted to Prof. A. R. Todd, F.R.S., and Mr A. R. 
Gilson of the Chemical Laboratory, Cambridge, for these 
X-ray powder photographs, and to Dr W. T. J. Morgan, 
F.R.S., for the gift of the chondrosamine hydrochloride. 
Molecular weight. Dr B. R. Record and Dr J. M. Creeth, 
in their addendum to this paper, give the approximate 
molecular weight of polysaccharide A as 16 500 from a 
combination of ultracentrifuge and diffusion data. 


Crystallization of polysaccharide A 
as an acid barium salt 

Polysaccharide A (0-5 g.) was dissolved in water (20 ml.) 
and 5% (w/v) barium acetate (7 ml.) was added. After 
standing 4 days at room temperature, a trace of insoluble 
matter was removed by centrifugation. To the supernatant 
at 65° glacial acetic acid (5 ml.) at the same temperature was 
added; the mixture was allowed to cool slowly to room 
temperature and then in a refrigerator. The sheaves of 
crystals (0-35 g.) were collected by centrifugation, washed 
with 50% acetic acid, glacial acetic acid, absolute ethanol 
and ether, and dried in a vacuum desiccator over P,O;. 
Fig. 3 shows photomicrographs of the crystals in ordinary 


The acid Ba salt of polysaccharide A had [«]?* in 
water = +47° (+2°) (c, 1). Wolfrom et al. (1943) give [«]?>° 
in water= + 44° and +47-5° (c, 2) for two separate samples 
of the acid Ba salt of heparins. 

After decomposing with sodium sulphate and removing 
the BaSO, by centrifugation, the crystals of the acid Ba salt 
of polysaccharide A had a virulence-enhancing activity of 
3-5 (2-2-5-3) v.E.U./g. 


The anticoagulation activity of polysaccharide A and 
the virulence-enhancing activities of authentic 
samples of heparin 


Table 4 shows the anticoagulation activity of 
polysaccharide A compared with that of three 
different, highly active, samples of heparin from 
Boots Pure Drug Co. Ltd. (102 i.u./mg.), Evans, 
Lescher and Webb Ltd., (93 i.u./mg.) and Roche 
Products Ltd. (120i.u./mg.). Fresh ox blood 
(3-75 ml.) was mixed with solutions (0°3 ml.) of 
different strengths of the samples under test and the 
times for complete coagulation were noted, using 
the technique described by Jorpes (1935, 1942). 
Polysaccharide A has a slightly greater activity than 
that of the three authentic heparin samples. 

Corresponding virulence-enhancing activities are: 
polysaccharide A 3-9 (2-9-5-1), Boots heparin 3- 
(2-1-4-8), Evans, Lescher & Webb heparin 2: 
(1-4-3-3), Roche heparin 3-5 (2-3-5-1) v.z.v./g 
determined by the assay used for the third factor 
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involved in virulence enhancement (Smith, Harris- 
Smith & Stanley, 1951). Adequate controls ruled out 
any possibility of the toxicity of these samples being 
a factor in the virulence enhancement at the con- 
centration used for the test. 

In addition to these commercial samples of 
heparin, Dr Bergel of Roche Products Ltd. kindly 
supplied us with a purified sample of sodium 
heparinate with the following analytical figures: 
S, 13-3, ash 40-2 %, [a], = + 42-5° for the anhydrous 
material. The material, which contained 8-1% of 
water, had an anticoagulation activity 130 i.u./mg. 
This sample had a virulence-enhancing activity of 
3°5 (2°3-5-4) v.E.U./g. 

In addition to the similar virulence-enhancing 
activities and anticoagulation activities of poly- 
saccharide A and heparin, our colleague Dr H. P. 
Lambert had found that polysaccharide A inhibits 
sheep cell haemolysis, and that this effect is due to an 
anticomplementary action. Heparin has already 
been shown to be anticomplementary (Ecker & 
Cross, 1929). 
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sulphuric acid, and had a small positive optical 
rotation (+2°) and an appreciable acetyl content 
(6-4%). It was tested for heparin activity, but it was 
reported that it contained only 1 % of the activity of 
the crystalline barium salt of heparin. No criteria of 
purity were given for any of these preparations, and 
they were undoubtedly mixtures of compounds. We 
would point out here that our crude hog gastric 
mucin and commercial samples are made from the 
whole mucosae. The excreted mucus itself, however, 
has appreciable virulence-enhancing activity (Smith 
19516), and tests on the ‘peptic’ extract (see Smith, 
19516) of this mucus showed it to have appreciable 
anticoagulant activity. 

It is well known that, owing to their highly ionic 
nature, polysaccharide sulphates resemble nucleic 
acid in readily forming complexes with proteins, 
these complexes being sparingly soluble at pH values 
on the acid side (Meyer, 1938). It is not surprising, 
therefore, that impure samples of the third factor 
(Smith, 19506, 1951a) contained much protein and 
were sparingly soluble below pH 5. This strong 


Table 4. Anticoagulation test on polysaccharide A and three different heparin samples 


(Technique using fresh ox blood as Jorpes, 1935, 1942.) 


Time for complete coagulation (hr.) 
AN 





Strength of 
anticoagulant 


. 
Polysaccharide A Boots heparin 


~\ 


Evans heparin Roche heparin 





solution Anticoagulant _ x oe aie A — ., 
(%; w/v) (mg./100 ml. blood) Test 1 Test2 Test1 Test2 Test1 Test2 Test1 Test 2 
0-0156 1-25 No clot 96 84 84 24 36 48 36 
0-0125 1-0 No clot 48 24 36°18 36 48 36 
0-00625 0-5 4 5 5 4 2-5 5 9 4 
0-00313 0-25 2 2 1-25 1-25 1-25 1-25 2 1-5 
0-00156 0-125 1 1 0-5 0-5 0-5 0-5 0-75 1-25 
Nil Nil (saline control) 0-25 0-25 0-3 0-3 


DISCUSSION 


The work described in this paper establishes beyond 
reasonable doubt that the main component of the 
third factor involved in the virulence-enhancing 
action of hog gastric mucin is a heparin: both the 
chemical and biological properties have been 
adequately checked. 

In addition to its significance in virulence en- 
hancement, the isolation of a crystalline heparin 
from crude hog gastric mucin has not been reported 
before. Meyer, Smyth & Palmer (1937) described as 
the ‘acid polysaccharide’ of crude hog gastric mucin 
(Wilson’s Laboratories, Chicago) an acetylated 
mucoitin monosulphuric acid with a negative 
optical rotation, which was isolated after initial 
alkaline treatment. Later Meyer & Smyth (1938) 
and Meyer (1938) described the acid calcium salt of 
a mucoitin sulphuric acid isolated without alkaline 
digestion. This contained 9-1% of sulphur, indi- 
cating more sulphate groups than a mucoitin mono- 





association with protein to form complexes of 
varying size was demonstrated also by the viru- 
lence-enhancing activities of some samples obtained 
from an impure batch of third factor in the pre- 
parative Spinco ultracentrifuge. Four samples were 
taken from different depths in the ultracentrifuge 
tube, and there was no significant difference in their 
virulence-enhancing activities. 

The presence of a highly ionic sulphate group in 
polysaccharide A and in synthetic detergents, e.g. 
tergitol (Young & Zelle, 1946; Barnes, 1947), which 
are also virulence-enhancing, is extremely inter- 
esting. It is impossible, however, to attribute the 
virulence-enhancing activity, or for that matter 
anticomplementary and anticoagulant activity, 
solely to the presence of sulphate groups in view 
of the chemical and biological properties of poly- 
saccharide B (see Smith e¢ al. 1952). The more recent 
chemistry of heparin (Meyer & Schwartz, 1950; 
Wolfrom et al. 1950) has shown the presence of 
glucosamine-N-sulphate groups (—-NH—SO,H), 
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and the biological activities above may possibly be 
related to these particular groups. 

The fact that a heparin is the main component in 
the third factor involved in virulence enhancement 
may give rise to some thought on the wide ana- 
tomical occurrence of heparin, and also on its 
therapeutic use. It must be remembered, however, 
that heparin is only really effective in enhancing 
virulence when coupled with the non-specific factors 
(a particulate residue and a viscous medium), and 
needs to be combined with polysaccharide C for a 
maximum effect (see Smith e¢ al. 1952). In addition, 
as has been pointed out before (Smith, 19516), the 
method of testing virulence-enhancing samples 
involves a completely artificial infection of mice 
with Bact. typhosum (Salmonella typhi) (Smith, 
1950a) and in no way resembles natural infection. 
Nevertheless, the presence of heparin in relatively 
large amounts in such tissues as the lung, liver and 
spleen (Jorpes, 1946) is worth bearing in mind in any 
studies on natural infection. 
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SUMMARY 


1. The main component of the third factor in- 
volved in the virulence-enhancing action of hog 
gastric mucin has been obtained essentially homo- 
geneous as judged by electrophoresis, ultracentri- 
fugation and fractional solubility. It has been 
identified as a heparin by its chemical and biological 
properties. 

2. This is the first isolation of a heparin mucoitin 
disulphuric acid from crude hog gastric mucin 
obtained from whole hog mucosae. 

3. The significance of these findings is discussed. 


Our thanks are due to Dr D. W. Henderson for his interest 
in this work. We are also indebted to Mr R. Strange for micro- 
analysis and paper chromatography and to Mr S. Peto for 
statistical analysis of results. 

Acknowledgement is made to the Chief Scientist, Ministry 
of Supply, for permission to publish this paper. Photo- 
graphs are Crown Copyright reserved, reproduced by per- 
mission of the Controller, H.M. Stationery Office. 
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Physico-chemical Examination of Polysaccharide A 
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The polysaccharide, which had been twice purified 
by precipitation as the neutral barium salt and con- 
version to the sodium salt, was finally dialysed 
against water and freeze-dried. It was examined in 
the electrophoresis apparatus and the ultracentri- 
fuge and diffusion measurements were made at 
various concentrations by two independent methods. 
The partial specific volume was also determined. 
The data obtained lend support to the characteriza- 
tion of the polysaccharide as a heparin. The degree 
of homogeneity of the material has also been 
assessed and a value calculated for its molecular 
weight. 


METHODS 


Electrophoresis. The experiments were carried out at 0° in 
the medium size (10 ml.) U-tube of the Tiselius electro- 
phoresis apparatus using the diagonal schlieren optical 
system. In every case the solutions were dialysed to 
equilibrium with the buffer used (ionic strength, J =0-2). 
Observations were made at two different pH’s, 8-0 and 4-5, 
and at two concentrations, 2-0 and 0-7 % at each pH. The 
2-0% solutions were examined in order to reveal any traces 
of contaminating material; those at the lower concentration 
were used for the calculation of the electrophoretic mobility 
of the material. 

Ultracentrifuge. This part of the investigation was carried 
out with the ‘Spinco’ electrically driven ultracentrifuge, 
fitted with a diagonal schlieren optical system. The experi- 
mental technique followed exactly that outlined by Creeth 
(1952) and Charlwood (1952). The solutions were prepared 
directly either in phosphate or phosphate-sodium chloride 
buffer, pH 8-0, total J, 0-2; one run was made at 1-0% con- 
centration in acetate buffer pH 4-5, J =0-10. The rotor speed 
was 59 780 rev./min. in all experiments. As the sedimenta- 
tion constant is comparatively low, the distances moved by 
the boundary are rather small; accordingly between seven 
and ten photographs of the sedimenting boundary position 
were obtained at regular intervals in each experiment. 

Diffusion. Measurements of the diffusion constant were 
made by two entirely independent methods: (1) By means of 
the standard Tiselius electrophoresis apparatus using the 
diagonal schlieren optical system to determine the concen- 
tration distribution. The measurements were carried out at 
0°. (2) More accurately, especially in the low concentration 
range, by the Gouy interferometric diffusion apparatus 
(Coulson, Cox, Ogston & Philpot, 1948; Creeth, 1952). The 
measurements in this case were made near 25°. 





Partial specific volume. This parameter was determined at 
25° in the usual pyknometric manner at two concentrations, 
2-0 and 1-0%, in phosphate buffer, pH 8-0; J, 0-2. 


RESULTS 


Electrophoresis. Fig. 1 shows the patterns ob- 
tained in each of the four experiments carried out. 
In every case, there appeared to be present, on 
casual inspection, two components; a major com- 
ponent migrating rapidly to the anode and a minor 
non-migrating component. By careful removal of 
this latter ‘component’ it was possible to show that 
it was in fact none other than the result of a 6 or e 
boundary, and consisted only of the buffer used. 
(See Table 1 of the main part of this paper.) The 
polysaccharide was therefore electrophoretically a 
single component. It has a high anodic mobility at 
pH 8-0 and this is not greatly reduced at pH 4-5. 
These observations fit in well with the chemistry of 
the material as outlined in the main part of this 
paper. The highly ionic nature of the material also 
explains the abnormally large boundary anomalies 
observed. 

Records of similar measurements made on 
heparin (see Wolfrom & Rice, 1947) point to a 
behaviour closely resembling that of polysaccharide 
A, though it would appear probable that the large 
proportion of ‘stationary component’ reported by 
these workers is none other than an enhanced 6 and « 
boundary. 

Since the electrophoretic mobility of the poly- 
saccharide may be an important characteristic of 
the material, mobility values have been calculated 
in each case from the rate of movement of the 
cathode descending boundary. From the cross- 
sectional area of the U-tube and the current passing, 
the operative potential gradient was computed 
using the conductivity as measured on the original 
solution at 0°. For a 0-7 % solution at pH 8-0 the 
mobility was found to be 1-41 x 10-4 em.?/sec./V. 
A slightly lower value, 1-27 x 10-4 em.?/sec./V., was 
obtained for a 0-75 % solution at pH 4-5 (see Fig. 1). 
These values fall within the range given for heparin 
by Wolfrom & Rice (1947). 
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Sedimentation. At all concentrations and at both value —0-778+0-068 (s.z.). The extrapolated 
pH 4-5 and 8-0, only one, apparently symmetrical, value of the sedimentation .constant at zero con- 
peak was obtained. Fig. 2 shows the experimental centration is then 2-25 + 0-H (95 % fiducial limits), 
record obtained at 1% concentration. the value used in calculating the molecular weight. 





Anode Cathode Anode Cathode 
<—_—_ OS <——_—__ ——> 
A (a) A (b) 
Anode Cathode Anode Cathode 
<__—__—__ a <_—___—. —_——> 
B(a) B(b) 


Fig. 1. Electrophoresis patterns of the polysaccharide A. The arrows indicate the direction of migration of the polysac- 
charide towards the anode. A, in phosphate buffer pH 8-0, J =0-2; (a) 2-0% solution: exposure after 1 hr. 46 min., 
current = 9-3 ma., mobility = 1-26 x 10-4 em.?/sec./V.; (b) 0-7 % solution: exposure after 2 hr. 8 min., current = 6-5 ma., 
mobility = 1-41 x 10-4 cm.?/ sec./V. B, in acetate buffer pH 4-5, [=0-2; (a) 20% solution: exposure after 2 hr., 
current =5-0 ma., mobility =1-18 x 10-4 em.?/sec./V.; (6) 0-7% solution: exposure after 2 hr., current =7-4 ma., 
mobility = 1-27 x 10-4 cm.?/sec./V. 





1% concentration in phosphate buffer pH 8-0, J =0-20. 


Fig. 2. Sedimentation pattern of polysaccharide A. 
Speed =59 780 rev./min. Interval between exposures=32 min. Migration from right to left. 


Table 1. Sedimentation constants of polysaccharide A 
(Solvent: Phosphate buffer pH 8-0, J =0-20, unless otherwise stated.) 


0-13 0-13 0-28 0-30 0-40 0-47 0-60 1-0 
1- 


Concentration (%) 
210 218 208 196 198 194 1-75 


Sao 


* In this experiment, the solvent was sodium acetate, pH 4-5, J=0-10. 


The limits of error of this value, 4-9 %, are somewhat 
higher than the corresponding limits observed with 
albumins (Creeth, 1952; Charlwood, 1952); this 
reflects the greater difficulty in dealing with sub- 
stances of lower sedimentation constant, especially 
when this shows an appreciable variation with con- 


The sedimentation constant of the substance is 
markedly dependent on concentration, as is shown 
by the results summarized in Table 1. 

All Syo values are given in Svedberg units and have 
been reduced to sedimentation in water. 

The Sy) values in phosphate buffer are approxi- 
mately linearly related to concentration, the slope centration. 
of the line expressing the regression of the sedi- Diffusion. All diffusion constants were corrected 
mentation constant on concentration having the for viscosity and temperature to diffusion in water 
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at 20°, and the coefficients are quoted in units of 
10-7 em.* sec.—". 

The diagonal schlieren patterns obtained with 
1-5 and 0-70 % concentrations of the polysaccharide 
(undialysed) in pH 8-0 phosphate buffer, J = 0-20, 
were somewhat asymmetric, and yielded D, values 
of 7-87 and 7-47 respectively. A dialysed solution of 
0-70 % concentration in sodium chloride (J = 0-10), 
phosphate (I = 0-10), buffer at pH 8-0 (total J = 0-20), 
gave almost symmetrical concentration distribu- 
tions, yielding mean values of D,=6-91 and 
Dy = 6-63. These values are consistent with those 
obtained with the Gouy diffusiometer (Table 2). 
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The molecular weight of 16500 may be compared 
with the value of about 20000 for the sodium salt 
of heparin, quoted by Wolfrom, Montgomery, 
Karabinos & Rathger (1950), though this figure is 
not of much significance if it has been calculated 
from diffusion measurements alone on the assump- 
tion that the molecule is spherical. For example, 
taking our value for Dy. of 6-66 x 10~’ we find for a 
spherical molecule a molecular weight of 163000, 
a figure nearly ten times too large. 

It has not been possible in this brief investigation 
to give any estimate of the degree of polydispersity of 
the polysaccharide. In common with its class (see, 


Table 2. Diffusion coefficients for polysaccharide A 


(V =refraction increment of polysaccharide in wavelengths of retardation.) 


Concentration (%) 0-28 
V 6-96 
De 6-63 

6-68 


There is thus little apparent dependence of 
the diffusion coefficient on concentration over the 
lower concentration range. In view of the greater 
accuracy and consistency of the Gouy method with 
dilute solutions (Creeth, 1952) the mean value of the 
results in Table 2, Dy) = 6-66 + 0-09 (s.D.) has been 
used for the subsequent calculation of the molecular 
weight. 

DISCUSSION 


The fact that only one component is apparent in 
both electrophoresis and sedimentation, at two 
widely separated pH’s, adds considerable weight to 
the evidence that the polysaccharide A consists of a 
single well defined molecular species. 

Combining the values of the sedimentation and 
diffusion constants with the value of 0-50 obtained 
for the partial specific volume, the figure of 16500 
is obtained for the molecular weight of the substance. 

The frictional ratio, f/f,, has a value of 2-15; this 
corresponds to an axial ratio of 25 if the molecule is 
assumed to be an unhydrated rod. 


0-31 
7-78 


6-64 
6-53 


0-40 0-51 0-56 
9-88 12-73 13-85 
6-39 6-63 6°77 
6-54 6-75 6-81 


for example, Record, 1948; Record & Stacey, 1948) 
a certain degree of polydispersity is to be expected, 
but a study of the sedimentation diagrams suggests 
that in this case it is probably not extensive. 


SUMMARY 


1. The polysaccharide A is homogeneous both 
in electrophoresis and in sedimentation. 

2. The molecular weight calculated from the 
diffusion coefficient (6-66 x 10-7), the sedimentation 
constant, C—>0O (2:25x10-!%) and the partial 
specific volume (0-50) is 16500, the frictional ratio 
2-15 pointing to marked molecular asymmetry. 

3. The electrophoretic mobility of the material is 
1-41 x 10-4 cm.?/sec./V. in pH 8-0 phosphate and 
1-27 x 10-4 cm.?/sec./V. in pH 4-5 acetate buffer, 
being anodic in each case. The electrophoretic 
behaviour is that of a highly ionized molecule. 


Acknowledgement is due to Mr K. H. Grinstead for 
technical assistance. 
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The ability of certain bacterial species to oxidize 
nicotinic acid was first reported by Allinson (1943) 
who used suspensions of a Pseudomonas culture 
originally isolated by Dubos & Miller (1937). 
Nicotinic acid was degraded by suspensions pre- 
pared from cultures grown only in the presence of 
this compound. These suspensions failed to attack 
nicotinamide, coramine or nicotinuric acid. Allinson 
concluded that this oxidation was an adaptive 
feature of the organism. 

A short time later, Koser & Baird (1944) isolated 
strains of Pseudomonas fluorescens and Serratia 
marcescens which were able to grow in a nicotinic 
acid medium. These strains did not attack iso- 
nicotinic acid, picolinic acid or pyridine. There was 
no growth or poor growth on nicotinamide, quino- 
linice acid or ethyl nicotinate. Nicotinethyl- 
amide and nicotindiethylamide supported growth 
to a very slight extent. 

Nichol & Michaelis (1947) suggested that an 
oxidase was responsible for the destruction of the 
nicotinic acid. Certain inhibitors were able to inter- 
fere drastically with the ability of bacterial sus- 
pensions to utilize nicutinic acid. These included 
sodium azide, hydroxylamine hydrochloride, octan- 
2-ol, laurylpyridinium chloride and toluene. 

The experiments reported below were designed to 
elucidate further, by means of Warburg respiration 
technique, the utilization of nicotinic acid as a 
source of carbon and nitrogen by Ps. fluorescens. 
A number of nicotinic acid analogues were tested 
with a view to finding intermediates and thereby 
outlining the possible metabolic route. In addition, 
inhibitors were used to characterize the enzyme 
system. 


EXPERIMENTAL 


Organism. The organism used was Ps. fluorescens 30 of 
Koser & Baird (1944), which was found by Nichol & 
Michaelis (1947) to be the most active of the strains tested. 

Media and suspensions. The broth medium, the agar slopes 
and suspensions of resting bacterial cells were prepared as 
outlined by Nichol & Michaelis (1947). In the media, apart 
from the agar, the only source of C and N was nicotinic acid. 
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Measurement of oxidation. Conventional Warburg 
respiration technique was used for the measurement of O, 
uptake at 27°. The total volume of reacting liquid in each 
flask was 2-3 ml., consisting of 0-3 ml. of cell suspension in 
distilled water, 0-1-1-0 ml. of the substrate under test, 
0-5 ml. of 0-2m-phosphate buffer, pH 7-0, and distilled 
water to make up to volume. The centre well contained 
0-2 ml. of 20% (w/v) KOH. The rate of shaking was 120-150 
complete excursions/min. The gas space was filled with air 
and readings were taken at 15 min. intervals. 

Determination of nicotinic acid. Nicotinic acid was 
determined by the method described by Nichol (1946). This 
is essentially a modification of Allinson’s (1943) method. 
The difference in chromogen content (compounds reacting 
with CNBr) of an enzyme-treated sample as compared to one 
untreated, gives an accurate measure of the nicotinic acid 
content. The following procedure was used. Two liquids 
were treated in the same manner, except that one sample 
had 0-1 ml. distilled waterreplacing 0-1 ml. of cell suspension 
used in the other sample. Cell suspension (0-1 ml.), prepared 
as described, or distilled water and 0-5 ml. of 0-2 M-phosphate 
buffer, pH 6-0, were added to 5 ml. of test solution. After 
standing at room temperature for 30 min., the mixtures 
were centrifuged at high speed. Samples (1 ml.) of CNBr 
(freshly prepared by shaking successive portions of powdered 
KCN with saturated bromine water until the colour dis- 
appeared) were added to 5 ml. of the above supernatant and 
held at 60° for 7-10 min. The test tubes were cooled to 20° 
and held at this temperature for 5 min. after which 1 ml. of 
5% (w/v) aqueous p-phenylenediamine was added. The 
solutions were mixed by inversion and 0-5 ml. of 20% (w/v) 
HCl was immediately added. Readings were made in a 
Coleman Universal spectrophotometer at 420 mp. The 
difference in optical densities of the enzyme-treated and the 
enzyme-untreated samples formed the basis for the calcula- 
tion of the nicotinic acid content. 


RESULTS 

The stoicheiometric relationship between oxygen 
consumption and nicotinic acid breakdown. By the 
use of Warburg technique, a series of experiments 
was carried out with varying amounts of nicotinic 
acid as substrate. It was assumed that respiration 
on nicotinic acid came to an end at that point where 
the curve of oxygen consumption against time 
flattened out. The total oxygen consumptions at 
these points were plotted against the pmoles of 
nicotinic acid originally in the substrates. The results 
are shown in Fig. 1. The points obtained lie close to 
a straight line and show that the degradation of 
1 mole of nicotinic acid was accompanied by the 

3 
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uptake of 3-9 moles of oxygen. This value is distinctly 
higher than that of 2-7 reported by Nichol & 
Michaelis (1947). 


1330 
1260 
1190 
1120 
1050 
980 
910 
840 
770 
700 
630 
560 
490 
420 
350 
280 
210 
140 
70 


O, consumption (l.) 


0 25. 50 75 100 125 150 


Nicotinic acid originally present (sumoles) 


Fig. 1. O, consumption by Pseudomonas fluorescens with 
varying quantities of nicotinic acid as substrate. The side 
arms of each manometer vessel contained the amounts of 
nicotinic acid listed. The main chamber contained 0-5 ml. 
0-2m-phosphate buffer, pH 7-0, 0-3 ml. cell suspension, 
and water to make rp 2-3 ml. total volume excluding 
KOH. The centre well contained 0-2 ml. 20 % (w/v) KOH. 
Temp., 27°; gas, air. Values shown were obtained after 
the substrate was exhausted. 


As shown subsequently (Table 1), the ratio of 
oxygen consumed to nicotinic acid degraded 
gradually rose and did not reach the maximal figure 
until all of the nicotinic acid had disappeared. 
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Nichol & Michaelis (1947) determined the stoicheio- 
metric ratio before the autorespiration stage had 
been reached and when nicotinic acid was still 
present in the substrate. Therefore they could not 
have obtained the final stoicheiometric relationship 
reported here. It appears likely that they would 
have obtained the higher ratio had they allowed the 
oxidation to go to completion. 

The relationship between oxygen consumption and 
degradation of nicotinic acid. In the following War- 
burg experiment, the nicotinic acid in the substrate 
was 2:17x10-*m. At intervals, a pair of flasks 
was removed and one drop of a 1% (w/v) aqueous 
solution of anhydrous mercuric chloride was added to 
each flask in order to stop any further reaction. The 
suspension in each flask was centrifuged at 10 000 
rev./min. and 1 ml. of the supernatant was diluted 
to 100 ml. with distilled water. The nicotinic acid 
content of the resultant solution was determined 
as previously described. Table 1 gives the results 
obtained. 

The results show that the molar ratio between 
oxygen consumed and nicotinic acid oxidized 
gradually increased during the time the cell sus- 
pension was respiring, and the maximum was ob- 
tained only when the substrate was completely 
oxidized. Apparently the experiment was stopped 
before all the intermediates were oxidized so that 
even though no nicotinic acid was detectable, the 
molar ratio had not reached 3-9 as obtained in other 
experiments. 

We may also conclude from these results that the 
first stage in the degradation of nicotinic acid 
requires less than 1 mole of oxygen per mole of 
nicotinic acid. The first determinations were made 
after 5 min. but it seems likely that had a deter- 
mination been made earlier, a ratio of one atom of 
oxygen per mole of nicotinic acid would have been 
obtained. 

Hale, Davis & Baldwin (1942) have shown that 
the cyanogen bromide reaction is given by all «- 
unsubstituted pyridine compounds. The failure of 
the nicotinie acid residue to react with cyanogen 


Table 1. Ratio of oxygen consumed to nicotinic acid destroyed by Pseudomonas fluorescens 
as respiration proceeds 


(The main chamber of the manometer vessels contained 0-5 ml. 0-2M-phosphate buffer, pH 7-0, 0-3 ml. cell suspension 
and 1-3 ml. water. The centre well contained 0-2 ml. 20% (w/v) KOH; 0-2 ml. 0-025m-nicotinic acid was in the side arm. 


Temp., 27°; gas, air.) 


Molar ratio 


Nicotinic acid Percentage of Corresponding Percentage of O, consumed 
destroyed total nicotinic O, consumption ultimate O, to nicotinic 
(umoles) acid (umoles) consumption acid oxidized 
2-46 49 1-92 11 0-78 
2-70 54 2-22 12 0-82 
3-94 79 4-64 25 1-18 
4-61 92 5-99 33 1-30 
4-67 93 10-42 57 2-23 
4-67 93 14-42 79 3-09 
5-00 100 18-25 100 3-65 
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bromide is therefore due to «-substitution or the 
opening of the pyridinering. Experiments described 
subsequently indicate that carbon dioxide is pro- 
duced early in the oxidation. In addition, several 
analogues of nicotinic acid where the pyridine ring 
was intact were relatively inert. The evidence, 
therefore, strongly suggests that the initial oxidation 
involves opening of the pyridine ring. The major 
part of the oxygen consumption apparently in- 
volved the oxidation of products of degradation. 


Table 2. Respiratory quotients of Pseudomonas 
fluorescens on a nicotinic acid substrate 


(Manometric technique involving the ‘direct method’ for 
CO, was employed. The side arm of each vessel contained 
0-2 ml. 0-025M-nicotinic acid. The main chamber contained 
0-5 ml. 0-2m-phosphate buffer, pH 7-0, 0-3 ml. cell sus- 
pension and 1-3 or 1-5 ml. water. The centre well contained 
0-2 ml. 20% (w/v) KOH or was empty. Temp., 27°; gas, 
air.) 


Time O, consumed CO, produced 
(min.) (ul.) (ul.) R.Q. 
15 66-9 38-2 0-57 
30 151-9 89-2 0-59 
45 251-9 181-8 0-72 
60 366-6 294-5 0-80 
75 489-9 419-9 - 0-86 
100 534-1 477-6 0-89 
115 543-3 490-6 0-90 


Respiratory quotient. The respiratory quotient of 
a cell suspension on nicotinic acid substrate was 
determined by manometric technique using the 
‘direct method’ for carbon dioxide. The results 
obtained are listed in Table 2. The calculations were 
made on the basis of the substrate remaining at 
pH 7-0. Since the bicarbonate errors in the calcula- 
tions of carbon dioxide output are large and in- 
crease as the pH rises, the values obtained are most 
probably too low, especially for the later parts of 
the experiment. It has been found that under the 
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experimental conditions, respiring suspensions of 
Ps. fluorescens on nicotinic acid become alkaline, the 
pH rising beyond 7:8. The final respiratory quotient 
value of 0-90 most probably approaches unity. 

From the above data, the relationship at maxi- 
mum oxidation, of 3-5 moles of carbon dioxide 
produced per mole of nicotinic acid destroyed, is 
obtained. It must again be emphasized that this 
value is minimal and most likely approaches 3-9. 
The results therefore agree approximately with 
those expected if four of the six carbon atoms of the 
nicotinic acid molecule form carbon dioxide. 

The evolution of carbon dioxide at an early stage 
in the oxidation cannot be attributed to decarboxy- 
lation because pyridine will react with cyanogen 
bromide whereas the product obtained failed to 
react. 

Anaerobic activity. Measurements of anaerobic 
activity were made by the method of Quastel & 
Wheatley (1938). There appeared to be no anaerobic 
degradation of nicotinic acid, thus corroborating the 
work of Nichol (1946) who used Thunberg technique. 
It is clear, therefore, that the initial attack on the 
nicotinic acid molecule does not take place in the 
absence of oxygen, and this phase of the degradation 
of nicotinic acid must be a specific oxidative action. 

The effects of cell suspensions on other compounds in 
the presence and absence of nicotinic acid. The com- 
pounds used included those with the pyridine ring, 
indole derivatives and aromatic diketones. Table 3 
gives the results obtained with the pyridine ana- 
logues used. 

The effect of the organism on compounds con- 
taining the indole nucleus, especially tryptophan, 
was determined because of the numerous references 
in the literature that tryptophan was a precursor of 
nicotinic acid in the metabolism of a number of 
genera (Haskins & Mitchell, 1949; Rosen, Huff & 
Perlzweig, 1946). Table 4 gives the results obtained 
with indolylpropionic acid and with L-tryptophan. 


Table 3. Effects of suspensions of Pseudomonas fluorescens on various pyridine derivatives 


(The side arms of each manometer vessel contained either one of the compounds listed below or 0-2 ml. 0-025M-nicotinic 
acid or both. The main chamber contained 0-5 ml. 0-2 mM-phosphate buffer, pH 7-0, 0-3 ml. cell suspension and water to make 
up 2-3 ml. excluding KOH. The centre well contained 0-2 ml. 20% (w/v) KOH. Temp., 27°; gas, air. All values corrected for 


autorespiration. ) 


O, uptake (yl.) 





Final Duration , — + 
concentration of exp. With With With Change 

Compound (mM) (min.) compound nicotinic acid both (%) 
2-Aminopyridine 2-17 100 3-7 401-7 467-9 16-5 
3-Aminopyridine 2-17 115 3-7 523-6 483-4 -7-7 
Coramine 2-17 75 8-3 389-1 453-7 16-6 
Nicotinamide 8-54 140 13-8 388-6 391-6 0-8 
Nicotine 0-677 135 0-9 366-4 414-6 13-2 
Picoline 5-04 170 7-6 380-3 422-4 11-1 
Pyridine 2-16 150 10-3 378-7 432-4 14-2 
Pyridoxin 1-28 90 1-0 352-3 387-9 10-1 
Sodium pyridine-3-sulphonate 4-35 90 7:2 430-3 430-3 0 
Trigonelline 2-17 100 12-6 401-7 491-7 22-4 
Sodium 3-sulphanilamidopyridine 3-43 90 2-1 430-3 388-9 — 9-6 


3-2 
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It may be seen that the oxygen consumption of 
the suspension in the presence of any of the above 
compounds (pyridine and indole analogues) when 
used as the sole substrate, was negligible. In all 
cases where the oxygen consumption in the presence 
of any of the above compounds and nicotinic acid 
was greater than the oxygen consumption on the 
latter substrate alone, the increase was only evident 
after the nicotinic acid had been completely ex- 
hausted. 





1952 


than the autorespiration. Whereas the diphenol was 
inert, the corresponding diketone was a very 
effective inhibitor. 

The above effect was eliminated by the addition 
of p-cysteine hydrochloride. With 1-85 x 10-*m- 
benzoquinone and 8-35 x 10-4m-cysteine the oxygen 
consumption was 83 % of normal. When the benzo- 
quinone was added 15 min. before the cysteine, the 
inhibition was not neutralized. In the concentra- 
tions used, the cysteine appeared to neutralize the 


Table 4. Effects of suspensions of Pseudomonas fluorescens on L-tryptophan and indolylpropionic acid 


(The side arms of each manometer vessel contained either one of the compounds listed below or 0-2 ml. 0-025M-nicotinic 
acid or both. The main chamber contained 0-5 ml. 0-2mM-phosphate buffer, pH 7-0, 0-3 ml. cell suspension and water to 
make up 2-3 ml. excluding KOH. The centre well contained 0-2 ml. 20% (w/v) KOH. Temp., 27°; gas, air. All values 


corrected for autorespiration.) 


O, uptake (l.) 
eel 





Final Duration = — . 
concentration of exp. With With With Change 
Compound (mm) (min.) compound nicotinic acid both (%) 
L-Tryptophan 2-17 115 8-9 523-6 519-1 0-9 
Indolylpropionic acid 2-17 90 13-2 356-1 424-8 19-3 


Table 5. Influence of cyclic diketones and quinol on the oxygen consumption of Pseudomonas fluorescens 
on a nicotinic acid substrate 


(The side arms of each manometer vessel contained either one of the compounds listed below or 0-2 ml. 0-025 M-nicotinic 
acid or both. The main chamber contained 0-5 ml. 0-2M-phosphate buffer, pH 7-0, 0-3 ml. cell suspension and water to 
make up 2-3 ml. total volume excluding KOH. The centre well contained 0-2 ml. 20% (w/v) KOH. Temp., 27°; gas, air.) 


O, consumption (,l.) 








Final Duration ,- 
concentration of exp. Auto- With With With Inhibition 

Compound (m) (min.) respiration compound nicotinic acid both % 
Benzoquinone 4-10 x 10-% 105 20-3 19-3 473-5 20-6 99-9 
Benzoquinone 8-60 x 10-¢ 120 5-1 — 427-5 307-9 28-3 
Quinol 3-06 x 10-3 105 20-3 15-4 473-5 490-1 0 
Quinhydrone 8-93 x 10-4 105 20-3 9-8 473-5 27-6 98-4 
1:2-Naphthoquinone 1-30 x 10-4 120 5-1 — 427-5 67-7 85-2 
1:4-Naphthoquinone 3-30 x 10-4 120 5-1 — 427-5 17-0 97-2 


Quinones. The first diketone tested was isatin 
which was selected because it had the indole nucleus 
in its structure. This compound inhibited the 
respiration of a cell suspension on a nicotinic acid 
substrate when added in a concentration of 
1-75 x 10-3m. When the isatin was added before the 
nicotinic acid, inhibition was more marked. This 
inhibition seemed to be of a competitive nature 
since an increased concentration of nicotinic acid 
raised the oxygen consumption when the isatin 
concentration remained constant. 

Since indole was inactive, it appeared that the 
inhibitory effect of the isatin might be attributed to 
the ketone groups in the molecule. In order to 
verify this assumption, experiments were conducted 
using a number of aromatic diketones as well as 
quinol as listed in Table 5. 

The oxygen consumption, when any one of these 
compounds was the sole organic substrate, was less 


inhibiting effect of the benzoquinone when the 
molar ratio of the former to the latter was 1:2. 
Displacement of this equilibrium either way 
caused pronounced inhibition. When cysteine was 
4-5 x 10-°m and benzoquinone was 3-28 x 10-*M, the 
resulting inhibition was 68-7 %. 

The effects of other inhibitors. A number of other 
inhibitors were tested for their effects on the nico- 
tinic acid-oxidizing ability of the cell suspension 
and gave the results listed in Table 6. 

The 2:2’-dipyridyl was dissolved in 10% (v/v) 
ethanol because it was insoluble in water. Other 
experiments have shown that the ethanol itself has 
no inhibitory action but supports cell respiration to 
a considerable extent. The inhibition caused by the 
2:2’-dipyridyl is therefore solely due to this com- 
pound. H 

From the results it is evident that the enzyme 
studied involves the participation of a metal. 
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DISCUSSION 


The stoicheiometric relationship between nicotinic 
acid oxidized and oxygen consumed indicates that 
the oxidation of the nicotinic acid molecule proceeds 
to over 70% of total theoretical oxidation. The re- 
lationship found was 3-9 moles of oxygen consumed 
per mole of nicotinic acid degraded. By. calcula- 
tion, if the nitrogen of the nicotinic acid molecule 
forms ammonia; the hydrogen, water; and the 
carbon, carbon dioxide; 11 atoms of oxygen would 
be required for complete oxidation. The value of 
7-8 atoms indicates over 70% total oxidation. 
Experiments in this laboratory have shown that 
ammonia is produced early in the reaction so that 
the nitrogen of the nicotinic acid molecule un- 
doubtedly forms this product. 


BACTERIAL OXIDATION OF NICOTINIC ACID 37 


strongly supports the assumption that this initial 
attack involved the opening of the pyridine ring. 

The work with the nicotinic acid analogues has 
clearly emphasized the specific nature of the oxidase. 
If the carboxy] group of the nicotinic acid molecule 
is treated to form the amide, or replaced by a 
sulphonic acid group, an amino group or a sulph- 
anilamide group or removed entirely, the enzyme is 
inactive on the resulting compound. The work of 
Koser & Baird (1944) indicates that the carboxyl 
group must be in the 3 position. 

The interpretation of the results according to 
Stanier’s (1947) theory of simultaneous adaptation 
showed that none of the pyridine or indole com- 
pounds tested was involved in any of the inter- 
mediate steps in the degradation of nicotinic acid. 
Here we have additional evidence for the conclusion 


Table 6. Effects of certain inhibitors on the oxygen consumption of Pseudomonas fluorescens 
on a nicotinic acid substrate 


(The side arms of each manometer vessel contained either one of the inhibitors listed below or 0-2 ml. 0-025 M-nicotinic 
acid or both. The main chamber contained 0-5 ml. 0-2 M-phosphate buffer, pH 7-0, 0-3 ml. cell suspension and water to 
make up 2-3 ml. total volume excluding KOH. The centre well contained 0-2 ml. 20% (w/v) KOH. Temp., 27°; gas, air.) 


O, consumption (pl.) 





Final Duration — . 
concentration of exp. Auto- With With With Inhibition 
Compound (mM) (min.) respiration compound nicotinic acid both (%) 
Dichloroacetic acid 2-60 x 10-2 90 18-6 a= 406-2 17-4 100 
2:2’-Dipyridyl 2-44 x 10-3 90 72 107-0 364-5 187-3 68-8 
in 10% (v/v) 
ethanol 
Todoacetic acid 2-17 x 10-4 90 7-0 “= 227-4 63-2 74-5 
8-Hydroxyquinoline 1-10 x 10-3 135 11-6 15-7 378-0 66-5 85-0 
Sodium cyanide 4-80 x 10-3 90 18-6 — 406-2 53-4 91-0 
Disodium hydrogen 1-87 x 10-4 120 29-3 — 541-8 331-7 41-0 
arsenite 
Sodium fluoride 2-17 x 10-3 75 18-3 — 329-7 325-7 1-3 
Sodium diethyl- 2-50 x 10-% 75 48-7 29-8 292-5 99-1 83- 
dithiocarbamate 
Sodium azide 6-69 x 10-2 90 13-3 — 286-5 47-8 87-4 


The respiratory quotient was 0-90 in the later 
stages of the respiration. As previously indicated, 
this value is minimal and most probably approached 
unity. Therefore only two carbon atoms of the 
nicotinic acid molecule form unknown products; 
the other four form carbon dioxide. 

The fact that there is apparently no reaction under 
anaerobic conditions supports the work of Nichol & 
Michaelis (1947). We may conclude that the initial 
attack on the nicotinic acid molecule is essentially 
an oxidative action and that the enzyme responsible 
is a true oxidase. The relationship between nicotinic 
acid oxidation and oxygen consumption—as the 
oxidation proceeds—supports the aboveassumption. 
A ratio of 0-78 mole of oxygen per mole of nicotinic 
acid was obtained in the first 5 min. Most likely 
1 atom of oxygen was used to degrade the nicotinic 
acid molecule to the point where it no longer gave 
the cyanogen bromide reaction. The evidence 


that the first step in the oxidation of the nicotinic 
acid molecule is the opening of the pyridine ring. 

Any increased oxygen consumption when the 
substrate was nicotinic acid and any one of the 
above compounds, apparently was due to inter- 
action between these compounds and degradation 
products of the nicotinic acid molecule. There could 
have been no adaptation to any of these substrates 
because the compound alone supported virtually no 
cell respiration and active cell suspensions were used 
in all cases. 

The enzyme system studied here appears to have 
no connexion at all to the system in some species 
which converts tryptophan to nicotinic acid. 

The experiments where known inhibitors were 
used indicate that a metal took part in the enzyme 
action. 

Attempts to isolate active cell-free preparations 


were unsuccessful. No components could be 
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dialysed away when cell suspensions were dialysed 
in a cellophan sausage skin in running tap water 
and in distilled water. Ultrasonic irradiation at 
350 keyc./sec. under an atmosphere of air, carbon 
dioxide or nitrogen resulted in inactive suspensions. 
The decrease in activity apparently paralleled the 
rupturing of the cells. Allinson (1943) and Nichol 
& Michaelis (1947) were also unsuccessful in obtain- 
ing active cell-free enzyme preparations. 


SUMMARY 


1. Cell suspensions of Pseudomonas fluorescens 
oxidized nicotinic acid, consuming 3-9 molecules of 
oxygen per molecule of nicotinic acid attacked. 

2. The respiratory quotient was low at the start 
of the oxidation but rose to 0-90 towards the end of 
the respiration. 

3. The degradation of the nicotinic acid did not 
take place under anaerobic conditions. The enzyme 
involved in the initial attack on the molecule is 
therefore a true oxidase. 

4. The evidence obtained very strongly supports 
the conclusion that the first step in the degradation 
of the nicotinic acid molecule is the opening of the 
pyridine ring. 

5. The specificity of the enzyme has _ been 
studied. If the carboxyl group of the nicotinic acid 
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molecule is treated to form the amide, or replaced 
by a sulphonic acid group, an amino group, or a 
sulphanilamide group, or removed entirely, the 
enzyme is inactive on the resulting compound. 

6. Indolylpropionic acid and L-tryptophan were 
not attacked. 

7. Aromatic diketones and cysteine inhibited 
nicotinic acid oxidation. The effect of one could be 
neutralized by the other at specific concentration 
ratios. 

8. The enzyme studied contains a non-dialysable 
metal. 

9. Attempts to obtain active cell-free enzyme 
preparations were unsuccessful. 


The above work is based on the thesis submitted by 
A. Pinsky in partial fulfilment of the requirements for the 
Ph.D. degree, May 1949. During part of the work he was 
holder of a studentship from the National Research Council 
(Canada) to whom thanks are expressed. 

The authors are indebted to Dr R. H. Common and Dr 
J.H. Quastel, F.R.S., for their continued interest and advice. 
Appreciation is also expressed to Dr W. F. Oliver for 
assistance and advice in the ultrasonic experiments and to 
Dr B. E. Volcani, Weizmann Institute, Israel, for his advice 
and criticism. The culture of Pseudomonas fluorescens used 
throughout the work was supplied by courtesy of Prof. 8. A. 
Koser, Department of Bacteriology, University of Chicago. 
Contribution from the Faculty of Agriculture, McGill Uni- 
versity, Macdonald College, Quebec. Journal Series, no. 258. 
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o-Phenylenediamine and 1:2-Diamino-4-nitrobenzene 
as Reagents for a-Keto Acids 


By D. J. D. HOCKENHULL anp G. D. FLOODGATE 
Glaxo Laboratories Ltd., Sefton Park, Stoke Poges, Bucks 


(Received 21 December 1951) 


It is possible to isolate and characterize as 2:4- 
dinitrophenylhydrazones many of the keto acids 
formed by Penicillium chrysogenum and thus to 
study the mould’s intermediary metabolism. These 
however, sometimes neither 


hydrazones are, 


adequately stable nor chromatographically separ- 
able. 

The condensation of o-phenylenediamine (OPD) 
with «-ketonic acids has been shown to yield stable 


quinoxalinols (cf. Hinsberg, 1887), which were 
found to be separable by paper chromatography. 
These derivatives were most useful, but it was 
thought that the introduction of a chromogenic 
grouping might make chromatography easier. We 
chose 1:2-diamino-4-nitrobenzene (DANB) in 
preference to a diazo derivative, as this might 
involve an increase in molecular size such as to 
swamp the effect of differences in the original 
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keto acids. The products are compounds of the 
general formula I. The position of the nitro group 
(x, 6 or 7) has not yet been determined. 


. N, 20H 
NO, 
6 
N73SR 
I 


EXPERIMENTAL 


Synthesis of nitroquinoxalinol 
derivatives of «-ketoacids 

2-Hydroxy-3-methyl-x-nitroquinoxaline. To 110 mg. pyru- 
vic acid (1-25 m-mole) in 10 ml. water was added a solution 
of 190 mg. (1-25 m-mole) DANB in 10 ml. 2N-HCl. After 
5 min. a precipitate appeared, and after 2 hr. the resulting 
quinoxalinol was filtered off and dried (yield 160 mg.). The 
product was twice recrystallized from hot ethanol-water; 
m.p. 245°. (Found: C, 52-5; H, 3-5; N, 20-3. C,H,N,0, 
requires C, 52-7; H, 3-4; N, 20-5 %.) 

2-Hydroxy-3-isopropyl-x-nitroquinoxaline. To 145 mg. 
dimethylpyruvic acid (1-25 m-mole) in 10 ml. water were 
added 10 ml. of a solution of 190mg. DANB in 10 ml. 
2n-HCl. After 5 min. the product began to precipitate. 
After 2 hr. it was filtered off and dried (yield 190 mg.). The 
product was twice recrystallized from hot ethanol; m.p. 
257°. (Found: C, 57-1; H, 4-9; N, 17-8. C,,H,,N,0, requires 
C, 56-7; H, 4-7; N, 18-:0%.) 

2-Hydroxy-3-phenyl-x-nitroquinoxaline. To 188 mg. ben- 
zoylformic acid (1-25 m-mole) in 10 ml. water were added 
10 ml. of a solution of 190 mg. DANB in 10 ml. 2N-HCl. 
There was an immediate precipitate. After 2 hr., it was 
filtered off and dried (yield 231 mg.). The product was twice 
recrystallized from hot ethanol; m.p. 264°. (Found: C, 
63-1; H, 3-6; N, 15-3. C,,H)N,O, requires: C, 62-9; H, 3-4; 
N, 15-7%..) 

2 - Hydroxy -3 - (2 - carboxyethyl) -x-nitroquinoxaline. To 
182 mg. «-ketoglutaric acid (1-25 m-mole) in 10 ml. water 
were added 10 ml. of a solution of 190 mg. DANB in 10 ml. 
2n-HCl. After 10 min. a precipitate began to form slowly. 
After 2 hr. it was filtered off and dried (yield 280 mg.). The 
product was twice recrystallized from a 1:4 mixture of ethyl 
acetate and light petroleum (b.p. 60-80°); m.p. 204°. 
(Found: C, 50-2; H, 3-8; N, 15-9. C,,H,N,O, requires C, 
50-2; H, 3-4; N, 16-0%.) 


Separation of quinoxalinols by paper chromatography 


Large sheets of Whatman no. 4 paper were cut into 30 mm. 
strips perpendicular to the ‘grain’. About 50g. of deri- 
vative (from OPD or DANB) were applied in about 20 yl. of 
ethyl acetate or CHCI,, about 60 mm. from the end of the 
paper. The papers were hung, by means of small (6 mm.) 
‘bull-dog’ clips, from the rubber stoppers of 500 ml. 
graduated cylinders, so as to dip into 25 ml. of solvent 
therein. They were developed at room temperature until the 
solvent front had risen into the top tenth of the strip. The 
strips were removed and air-dried at room temperature. 

Location of spots. After drying, the NDB derivatives were 
visible as pale-yellow spots in daylight or, more clearly, as 
dull-brown spots against a purplish background under 
ultraviolet light. The yellow colour could also be accentu- 
ated by spraying with a 2% ethanolic solution of KOH. 


REAGENTS FOR «-KETO ACIDS 39 


The OPD derivatives were colourless in daylight, but 
showed clearly as yellowish fluorescent patches under ultra- 
violet light. In addition, spraying with a 0-1% aqueous 
solution of 2-chloro-4-nitrophenyldiazonium naphthyl-2- 
sulphonate (Heinrich & Schuler, 1947, 1948) gave a pink spot 
with the derivative from pyruvic acid, although no coloured 
compound seemed to be formed by that from dimethyl- 
pyruvic, benzoylformic or «-ketoglutaric acids. This reaction 
was presumably due to coupling on the methyl group. 


Chromatography of nitroquinoxalinols on alumina 


The columns were made up by transferring a slurry of 
30 g. of alumina (Peter Spence and Co., Grade H) in CHCl, 
into 16 mm. (internal diameter) tubes and allowing them to 
drain slowly, with occasional tapping to give a depth of 
about 130 mm. 

About 60 mg. of the mixture of nitroquinoxalinols were 
applied in 2-3 ml. ethyl acetate. Development was carried 
out with the following succession of solvent mixtures: 
CHCl, , CHCl,-ethanol mixtures (9:1, 4:1, 1:1, 1:4), ethanol, 
ethanol-water mixtures (9:1, 3:1, 1:1, 1:3) and ethanol- 
aqueous N-NaOH (1:3). Ifreasonably fast movement of the 
front band was obtained, the same solvent was continued 
until complete elution (‘ break-through’) was obtained. The 
loading of these columns may be increased to about 50 mg. of 
each component, with some deterioration in sharpness of 
separation. 

RESULTS 
The nitroquinoxalinols from pyruvic acid, dimethyl- 
pyruvic acid, ketoglutaric acid and benzoylformic 
acid were synthesized as described in the experi- 
mental section. 


Paper chromatographic separation of 
OPD derivatives of «-ketoacids 


The quinoxalinols derived from pyruvic, dimethyl- 
pyruvic and «-ketoglutaric acids were found to be 
separable by filter paper chromatography (Table 1). 

With the ammoniacal solvents the «-ketoglu- 
tarate spot was remarkably clear and compact. 


Paper chromatographic separation of 
DANB derivatives of «-keto acids 

The nitroquinoxalinols derived from pyruvic, 
dimethylpyruvic and «-ketoglutaric acids could be 
readily separated by paper-strip chromatography. 
The derivative from benzoylformic acid was found 
to streak badly with most solvents. 

The best separations were achieved with dry or 
aqueous ethanol or methanol (Table 2). The follow- 
ing solvents were found to be poor or useless: n- 
butanol, sec.-butanol and their water mixtures, 
chloroform, benzene, ethyl acetate and their 
mixtures with various light petroleums, ether and 
wet ether. Benzene and toluene were ineffective 
when run on papers saturated with formamide, 
propylene glycol or 60% aqueous ethanol as the 
stationary phase. 

The more water in the solvent, the faster was the 
travel of the materials but the greater the streaking. 
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Chromatography on alumina of DANB 
derivatives of keto acids 


A mixture of about 20 mg. each of methyl-, iso- 
propyl- and carboxyethyl-nitroquinoxalinols in 
about 2ml. ethyl acetate were applied to an 
alumina column as described earlier. isoPropyl- 
nitroquinoxalinol moved slowly with chloroform 


alone, but 100ml. of chloroform-ethanol (4:1) 
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Only in one category are the hydrazones more 
useful, namely in qualitative examination, where 
paper chromatography on aqueous ammoniacal 
alcoholic mixtures (n-butanol, sec.-butanol, amy] 
alcohol, n-hexanol, sec.-octanol (after Cavallini, 
Frontali & Toschi, 1949)) gives a very clear distinc- 
tion between derivatives. Even here, the DANB 
derivatives are useful in corroboration, or where 
speed is an urgent consideration. 


Table 1. Paper chromatography (ascending) of OP-D derivatives of ketoacids 


n-Butanol Amy] alcohol 
saturated sec.-Butanol- saturated 
with 1-5n-NaOH with 
Solvent Methanol Ethanol 1-5nN-NH,OH (4:1) 1-5n-NH,OH 
Duration of run (hr.) 2-5 4 20 20 20 
Distance traversed by solvent (cm.) 21-2 21-6 27-4 24-5 25-2 
Ry; values of quinoxalinols from: 
a-Ketoglutaric acid 0-39 0-10 0-22 0-33 0-02 
Pyruvic acid 0-62 0-72 >0-90 >0-90 >0-90 
Dimethylpyruvic acid 0-78 0-87 >0-90 >0-90 >0-90 
Table 2. Paper chromatography of NDB derivatives of keto acids (ascending) 
Methanol- Methanol- Ethanol- Ethanol- 
water water water water 
Solvent Methanol (9:1 v/v) (7:3 v/v) Ethanol (9:1 v/v) (7:3 v/v) 
Duration of run (hr.) 4 4 4 4 4 
Distance traversed by solvent (em.) 27 26-5 26-0 27-2 27-0 26-3 
R, values of nitroquinoxalinols from: 
a-Ketoglutaric acid 0-43 0-55 0-75 0-32 0-55 0-72 
Pyruvic acid 0-59 0-60 0-75 0-63 0-77 0-80 
Dimethylpyruvic acid 0-73 — a 0-80 — — 


mixture washed the band right off the column. 
Methylnitroquinoxalinol only began to move down 
slightly with ethanol and was completely washed off 
by 110 ml. of ethanol-water (9:1). Only the alkaline 
solution moved the carboxyethyl derivative which 
came right through with 40 ml. The spread of the 
bands before leaving the column was about 20 mm. 


DISCUSSION 

The advantages of 1:2-diamino-4-nitrobenzene over 
2:4-dinitrophenylhydrazine as a reagent for «-keto- 
acids are the following: (1) the reaction is more 
specific for a-keto groups; (2) theoretically, the 
quinoxalinols, since they contain conjugated 
heterocyclic ring systems, should be much more 
stable than the hydrazones; (3) the chromatographic 
separation of characterizable quantities is easier 
than -for the hydrazones, which still possess car- 
boxylice acid groups, rendering alumina separations 
difficult ; (4) the melting points of the compounds are 
reasonably sharp and have a range adequate for 
differentiation by this means. 


The OPD derivatives are reasonably useful, but 
suffer from their lack of colour and failure generally 
to couple with diazo reagent. Their chromato- 
graphic separation is not so clear as that of DANB. 


SUMMARY 


1. A series of stable nitroquinoxalinols, new 
coloured derivatives of «-keto acids, has been pre- 
pared. 

2. The quinoxalinols obtained by condensation 
of either o-phenylenediamine or 1:2-diamino-4- 
nitrobenzene with pyruvic, dimethylpyruvic and 
a-ketoglutaric acids, may be separated by paper 
chromatography. 

3. The nitroquinoxalinols may also be separated 
on alumina. 

4. 1:2-Diamino-4-nitrobenzene is 
2:4-dinitrophenylhydrazine as a reagent for a- 
keto acids, in specificity, stability, separability and 
characterizability of the products. 

The authors wish to thank Mrs F. M. Goodinson for 
technical assistance. 
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The Metabolism of Succinic Acid in the Rumen of the Sheep 


By A. KAARS SIJPESTEIJN* anp S. R. ELSDEN 
Agricultural Research Council Unit of Microbiology, Department of Bacteriology, 
Sheffield University 


(Received 24 July 1951) 


Succinie acid is a major end product of two 
cellulose-fermenting bacteria isolated in pure 
culture from the rumen of cattle and sheep. Rumi- 
nococcus flavefaciens, isolated by Sijpesteijn (1948, 
1949, 1951), produced some 0-5 m-mole succinic 
acid per m-mole cellulose (calculated as glucose) 
fermented. Bacteroides succinogenes, isolated from 
the bovine rumen by Hungate (1950), was found by 
this author to produce 51-3 mg. succinic acid from 
82 mg. cellulose. Since large amounts of cellulose are 
fermented each day in the rumen and in view of the 
importance of the two organisms mentioned above 
it is reasonable to expect to find a high concentration 
of succinate in the rumen; however, Marston (1948) 
found that only very small amounts of succinate 
were produced during the fermentation of cellulose 
in an artificial rumen. 

On the other hand, propionic acid is known to be 
formed in large quantities when cellulose is fer- 
mented in vitro (Elsden, 1945; Marston, 1948), and 
there is now evidence that propionic acid is formed 
by the decarboxylation of succinic acid (Johns, 
1951a, b, c; Delwiche, 1948). A possible solution to 
this paradox is that succinic acid is formed in the 
rumen from cellulose and is rapidly decarSoxylated 
to propionic acid. 

The present investigations deal with the produc- 
tion of succinic acid in the rumen during the 
digestion of a normal diet and with the fate of 
succinic acid added directly to the rumen. In 
addition, the metabolism of succinic acid by washed 
suspensions of rumen bacteria has been investigated. 
This use of washed suspensions of rumen bacteria 
represents a new experimental approach to the 
study of the rumen, and some indications are given 
of the possible applications of this technique. 


METHODS 


Design of animal experiments. Scottish black-faced 
wethers fitted with permanent rumen fistulae were used as 
experimental animals. All animal experiments were com- 
menced some 20 hr. after the last meal and, unless otherwise 
stated, only water was provided during the period of the 
experiment, the cage having been cleared of surplus food the 


* Present address: Organisch Chemisch Instituut T.N.O. 
Croesestraat 79, Utrecht, Holland. 


previous evening. An initial sample of rumen contents was 
withdrawn via the fistula and prepared for analysis; 1 hr. 
later a second sample was withdrawn and the test substance 
then given. Thereafter samples of rumen contents were 
withdrawn at appropriate time intervals. 

Preparation of rumen contents for analysis. The rumen 
contents were filtered through muslin and 25 ml. of the 
liquor pipetted into a 50 ml. centrifuge tube; 3 ml. of 
4n-H,SO, were added to stop further metabolic changes and 
also to facilitate the subsequent analyses; the pH was below 
1-2. The mixture was then centrifuged and the clear super- 
natant used for the analyses. 

Estimation of volatile fatty acids. Total volatile acids were 
separated by steam distillation in the apparatus described 
by Markham (1942). An appropriate sample of the acidified 
liquor was placed in the apparatus, the steam turned on and 
the acid content of the distillate determined by titration with 
0-02 N-NaOH in a stream of CO,-free air. For the estimation 
of the individual acids, the distillate obtained from the 
Markham apparatus was re-distilled according to the pro- 
cedure of Friedemann (1938). The distillate so obtained was 
made alkaline to phenol red, evaporated to dryness and 
analysed by the silica gel partition chromatogram (Elsden, 
1946). As in a previous publication (Elsden, 1945) the acids 
moving faster than butyric acid were collected together with 
the butyric acid, and the whole fraction for convenience 
referred to as butyric acid. 

Succinic acid estimation. The manometric method 
described by Krebs (1937) was used throughout. We found, 
however, that under our conditions the oxidation of 
succinate was very slow and at least 2 hr. were required for 
complete oxidation. This was in marked contrast to the 
experience of Krebs (1937) who found the reaction to be 
complete in 40 min. This difference in behaviour has been 
traced to the K,HPO, component of our stock buffer 
mixture, and all samples of K,HPO, that we have been able 
to test have shown the same inhibitory action. On the other 
hand, the following buffer mixtures had no effect on the 
oxidation of succinate by the minced-muscle preparation: 
KH,P0O,+ KOH; KH,PO,+ Na,HPO,; HCl+ Na,HPO, 
and Na,HPO, + HCl +0-1N-KCl, 
and we are forced to conclude that the samples of K,HPO, 
available commercially contain a substance or substances 
which are inhibitory to the succinic dehydrogenase system. 
In our experience to date this is the only enzyme system 
inhibited by the K,HPO, preparations. 

Preparation of washed suspensions of rumen bacteria. 
Rumen contents obtained fresh from the animal via the 
fistula were filtered through muslin and the liquor centri- 
fuged for 1 min. at 1000 rev./min. in the M.S.E. ‘Major’ 
(Measuring and Scientific Equipment Ltd., London, S.W. 1) 
centrifuge using the angle head. This serves to remove the 
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smaller food particles, the Protozoa and some of the larger 
bacteria. The supernatant liquid was carefully decanted and 
centrifuged at 3500 rev./min. for 30 min. The deposit so ob- 
tained was then suspended in freshly boiled out 0-05m- 
phosphate buffer, pH 6-5, containing in addition 0-02% 
(w/v) Na,S.9H,O to maintain a low rH, and then recentri- 
fuged. The deposit was then suspended in a suitable buffer 
containing 0-02% (w/v) Na.S.9H,0, the volume of which 
equalled that of the original filtrate. It is essential to 
minimize the exposure of the organisms to the air; failure to 
do this results in a marked reduction in the activity of the 
final suspension. This is borne out not only by our own 
experience but also that of Mr K. Shazly (private com- 
munication) who has found that active deamination of 
amino-acids by washed suspensions of rumen bacteria only 
occurs if these precautions are adhered to. 

Warburg manometers were used for small-scale experi- 
ments. Large-scale experiments were carried out in 
100 ml. Erlenmeyer flasks fitted witha centre well and a side 
bulb of 4 ml. capacity. The flask and the side bulb were 
closed with rubber stoppers each carrying a stopcock. When 
N, was used as the gas phase it was freed from O, by passage 
over copper turnings, coated with palladium and heated to 
about 400° in an electric furnace. Activities are expressed as 
Qco, =I. CO,/mg. dry wt. of suspension/hr. 


RESULTS 


Formation of succinate in the rumen. To test 
whether succinate is produced in the rumen during 
digestion of our normal stock diet an animal was 
given 2 lb. of chopped oat straw and meadow hay 
plus 0-5 lb. of flaked maize; it was allowed to feed 
for a period of 90 min. after which the uneaten 
residue was removed. The samples of rumen con- 
tents taken during the course of the experiment 
were analysed for total volatile acids and for 
succinate. The results are given in Table 1. The initial 
concentration of succinate was low and over the 
experimental period there was a slight rise followed 
by a fall. The increase in succinate concentration 
was insignificant when compared with the increase 
in total volatile acids. 


Table 1. Production of succinic acid and volatile 
fatty acids in the rumen during digestion 


(At 61 min. 2 lb. of chaffed oat straw and meadow hay 
plus 0-5 Ib. flaked maize given and the animal allowed to 
feed for 90 min.) 


Time of 


sampling Succinic acid Volatile acids 
(min.) (m-mole/100 ml.)  (m-equiv./100 ml.) 
0 0-022 6-67 
60 0-054 6-30 
150 0-363 10-45 
250 0-066 12-6 
330 0-046 11-9 


The fate of succinate added directly to the rumen. 
Sucecinie acid (25 g.) was added to about 300 ml. 
distilled water and the pH adjusted to 6-5 with 40 % 
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(w/v) NaOH. The volume was made up to 400 ml. 
and after the initial samples had been taken the 
solution was added directly to the rumen via the 
fistula. Further samples were taken over a period of 
5 hr. and analysed for acetate, propionate, butyrate 
and succinate. The results are given in Fig. 1. It will 
be seen that the succinate disappeared within 5 hr. 
and at the same time the amount of propionate in- 
creased. On the other hand, the amounts of acetate 
and butyrate present showed little change. The 
suggestion is, therefore, that succinate is rapidly 
converted to propionate in the rumen. 
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Fig. 1. Effect of addition of 25 g. succinic acid as sodium 
salt, to the rumen. @, succinic acid; ©, total volatile 
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Metabolism of succinate by washed suspensions of 
rumen bacteria. A detailed study of the decomposi- 
tion of succinate could not be carried out under in 
vivo conditions and we sought for a procedure which 
would allow us to work in vitro. Our results sug- 
gested that succinic acid is converted to propionic 
acid by a decarboxylation, and hence it seemed 
desirable that the in vitro technique should be such 
as to enable us to follow the reaction manometric- 
ally. We therefore examined the possibility of using 
washed suspensions of the rumen bacteria, and it 
was soon apparent that such preparations were most 
suitable for our purpose. When succinate was incu- 
bated with a washed suspension of rumen bacteria 
under an atmosphere of O,-free N, there was a 
steady output of CO, and the production of a steam- 
volatile acid. Table 2 gives the results of a quanti- 
tative experiment. Jf the control values are 
deducted it will be seen that 1 mole of succinate 
gives rise to 1 mole of CO, and 1 equivalent of 
volatile acid, which would be the case if succinate 
were quantitatively decarboxylated to propionic 
acid and CO,. The optimum pH of the reaction was 
found to be about pH 6-0 (Table 3), in general 
agreement with Johns (1951a). 

The amount of volatile acid produced in the 
manometric experiments was insufficient for a 
positive identification of the propionic acid so the 
experiment was repeated on ten times the scale of 
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the previous experiment, using the large vessels. 
Two such vessels were used, each containing 20 ml. 
of washed suspension; to the first was added 
0-204 m-mole succinic acid as the sodium salt in 
2 ml. distilled water and to the second, which served 
as a control, 2 ml. distilled water. At the end of the 
experiment 3 ml. of 3N-H,SO, were added to each 
flask and the contents steam-distilled and the total 


Table 2. Decarboxylation of succinate by a 
washed suspension of rumen bacteria 


(Experiment carried out in Warburg manometer with 
double side-bulb cups. 0-3 ml. substrate or 0-3 ml. distilled 
water in one side bulb, and 0-3 ml. 3N-H,SO, in the other. 
Suspension made up in 0-05m-phosphate buffer, pH 6-5 
containing 0-01% (w/v) Na.S.9H,O; 2 ml. suspension per 
cup. Total CO, determined by addition of acid at the end of 
the experiment. Gas phase N,; temp. = 37°; time = 160 min.) 


Succinate co, Volatile acid 
added produced produced 
Exp. (umole) (umole) (wequiv.) 
1 20-4 22-7 22-5 
2 0 2-6 4-0 


Table 3. Effect of pH on decarboxylation of succinate 
by a washed suspension of rumen bacteria 


(Manometer cups made up as follows: suspension (in 
0-9% (w/v) NaCl containing 0-01% (w/v) Na.S.9H,0), 
2 ml.; 0-2m-phosphate buffer, 2-0 ml.; sodium succinate, 
0-4 ml. (0-04 m-mole) in side bulb 1; 4N-H,SO, (0-3 ml.) in 
side bulb 2; gas phase N,; temp.=37°. At zero time 
succinate added and after 17 min. acid added to stop the 
reaction and to liberate bound CO,. All figures corrected 
for CO, produced in control experiments without substrate.) 
pH 5-7 5-9 6-05 6-25 6-55 7-4 
Qco, 55°6 58-6 60-5 55:3 52-6 41:3 


volatile acids determined. 0-229 m-equiv. volatile 
acid was formed in the presence of succinate and 
0-028 m-equiv. in the control. Thus the net forma- 
tion of volatile acid was 0-201 m-equiv. from 
0-204 m-mole of succinate. The neutralized distil- 
late from the succinate flask was_ redistilled 
according to Friedemann (1938) and the distillate 
prepared for analysis on the silica gel chromato- 
gram. Two bands were observed: one, very faint, had 
the same R, as acetic acid and the other, which was 
the major component, had the same R, as propionic 
acid. The acetic acid was presumably the endo- 
genous volatile acid and the propionic acid was 
produced from the succinate, a fact in keeping with 
our earlier observations. 

In addition to the decarboxylation of succinic 
acid we have made some preliminary observations 
on the metabolism of other substances by these 
preparations. Glucose and cellobiose are readily fer- 
mented with the production of acid and some CQ,. 
The time course of a typical experiment is given in 
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Fig. 2; Table 4 gives the quantitative data of the 
same experiment. It will be noted that the amount 
of acid is small, approximately 1 equiv. is produced 
per hexose unit. Our colleague, Dr Dyfed Lewis 
(Lewis, 195la), has examined the fermentation of 
glucose in more detail and has found that, in addi- 
tion to lactic acid, acetic and propionic acids are 
produced in quantity along with smaller amounts of 
n-butyric acid and traces of n-valeric and n-caproic 
(hexanoic) acids. When the fermentations were 
carried out in phosphate buffer with a CO,-absorber 
in the centre well, the pressure change was no 
greater than in the control, indicating that little or 
no gas other than CO, was produced. 


400 


Control 
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Fig. 2. Fermentation of glucose and cellobiose by a washed 
suspension of rumen bacteria. Suspending medium: 
0-01 m-NaHCO, containing 0-002 m-KH,PO, and 0-01% 
(w/v) Na,S.9H,0. 


Table 4. Fermentation of glucose and cellobiose 
by a washed suspension of rumen bacteria 


(Experiment carried out in Warburg manometer with 
double side-bulb cups. Suspension made up in 0-01m- 
NaHCO, solution containing 0-002mM-KH,PO, and 0-01% 
(w/v) Na,S.9H,O. 2 ml. suspension (1-1 mg. total N) used 
per cup, with 0-3 ml. substrate in side bulb 1 and 0-3 ml. 
2n-H,SO, in side bulb 2. Gas phase=N,+5% CO, with 
sticks of yellow phosphorus in the centre wells; temp. 
=38°. Duplicate set of manometers used for the estima- 
tion of initial HCOS. All quantities in pmole.) 


Glucose _Cellobiose 
Substrate 8-28 5-15 
Initial HCO; 20-0 20-0 
Final HCO; 10-3 8-8 
Acid produced 9-7 11-2 
Total CO, 12-8 16-2 
Free CO, 3-1 5-0 
pmole acid/umole substrate 1-17 2-15 


During the course of our studies of the decarboxy- 
lation of succinate we had occasion to use H, 
instead of N, as the gas phase. In the presence of H, 
it was found that the usual evolution of CO, soon 
stopped and thereafter a gas uptake occurred. This 
gas uptake did not occur if the centre well contained 
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a CO,-absorber, indicating that both H, and CO, 
were involved in the reaction. When washed sus- 
pensions of rumen bacteria were suspended in 
0-01m-sodium bicarbonate and incubated under 
H, + CO, (95:5 by vol.), a vigorous consumption of 
gas occurred which persisted for a number of hours. 
Whilst it has been impossible to exclude completely 
the formic hydrogenlyase system (Woods, 1936), 
determination of the amount of sodium bicarbonate 
present at the beginning and the end of the experi- 
ment showed that the amount of acid formed was 
far less than the amount of gas consumed ; whereas, 
had the formic hydrogenlyase system been respon- 
sible 1 equiv. of acid would have been produced for 
every molecule of H, consumed. It was not possible 
with the apparatus available to determine both the 
H, and CO, utilized, but recently Lewis (1951a), 
using the Summerson manometer (Summerson, 
1939), has shown that the H,:CO, ratio greatly 
exceeds the 1:1 ratio required by the formic hydro- 
genlyase system. 


DISCUSSION 


Our experiments show conclusively that under in 
vitro and in vivo conditions succinic acid is rapidly 
converted to propionic acid by the micro-organisms 
of the sheep’s rumen. There is consequently no 
conflict between the metabolic studies with pure 
cultures of cellulose-fermenting bacteria carried out 
by Sijpesteijn (1948, 1949, 1951) and by Hungate 
(1950) and the in vitro investigations of Elsden 
(1945) and Marston (1948); and the conversion of 
cellulose to propionic acid in the rumen proceeds in 
part, at least, via succinic acid. The fact that during 
the digestion of a normal meal, and in the presence 
of an active succinic decarboxylase, small amounts 
of succinic acid accumulate, suggests that large 
quantities of this compound are produced during the 
digestive process. From the rate of succinate dis- 
appearance from the rumen, and assuming that the 
rumen contains 61. of liquid and that the liquid 
contains 1% (w/v) dry weight of micro-organisms, 
it may be calculated that the in vivo process has a 
Qeo, Of about 15 as compared with the values of 
20-60 obtained in our in vitro experiments. 

The question is now raised, which of the types of 
organism in the rumen are responsible for the de- 
carboxylation reaction? Two groups of bacteria 
have been reported to decarboxylate succinic acid: 
Veillonella gazogenes (Johns, 1951a, b) and species of 
the genus Propionibacterium (Delwiche, 1948; Johns, 
195l1c). Of these V. gazogenes is the more active 
(Qco,= 300 as opposed to Qco,= 4 for the propioni- 
bacteria). Johns (195la) reports that the rumen 
contains at least 6 x 10° V. gazogenes/ml. of rumen 
liquor. This is not a particularly large number, but 
clearly part at least of the decarboxylation reaction 
must be due to this organism. Elsden (1945) re- 
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ported the isolation of species of propionibacteria 
from the rumen of the sheep and the ox. There is 
now reason to believe that these organisms are not 
present in the rumen in large numbers, and even if 
they were, the slowness with which they decarboxy- 
late succinic acid would suggest that they play no 
significant part in this reaction in the rumen. 

The pH optimum of the decarboxylation was 
found both by Johns (1951a) and by ourselves to be 
about pH 6-0, and since the pH of the rumen at the 
height of digestion is also in this range (Phillipson, 
1942) the conditions in the rumen are optimal for 
the conversion of succinic acid to propionic acid. 

Johns has also, quite independently, introduced 
the use of washed suspensions of rumen bacteria for 
the study of the decarboxylation reaction (Johns, 

1951a). His method of preparation of the washed 
suspensions differed significantly from our own, and 
it is not surprising therefore to find differences in 
behaviour. Thus, whereas Johns (1951a) found the 
pH curve for the decarboxylation to have a sharp 
optimum about pH 6-0, we obtained a much 
broader pH curve. Further, Johns (1951a) records 
Qco, Values of 130, whereas our values for the same 
reaction—the decarboxylation of succinic acid— 
were in the range 20-60. The main difference 
between the two methods of preparing the washed 
suspensions is to be found in the preliminary 
centrifugal treatment of the crude rumen liquor. 
Thus Johns (195la) centrifuged rumen liquor for 
5 min. and used the supernatant for the preparation 
of the suspension, whereas we centrifuged for only 
1 min. and at a lower speed. It is probable therefore 
that our suspensions contained a much greater 
weight of bacteria, not all of which would be active, 
than did those of Johns, a factor which would tend to 
reduce the Qco,- In addition, Johns’s animals had 
been fed on pasture, whereas our animals were fed a 
diet of hay and flaked maize and it is not unlikely 
that the composition of the population differed 
considerably. 

The study of the function of the rumen popula- 
tion under in vitro conditions has many advantages 
over the in vivo method; but, at the same time, the 
in vitro methods which have been used to date are 
open to criticism. Thus the incubation period was 
usually such that extensive growth occurred and, in 
the presence of a simple substrate, a highly selected 
population could and probably would develop 
bearing little quantitative relation to that found in 
the rumen. Further, even if the experiments are of 
short duration the blank activity of crude rumen 
liquor is high unless the animal has been fasted for a 
considerable time, and under these conditions the 
population changes. Nor is it possible to study the 

metabolism of a single substrate under controlled 
conditions owing to the presence of food particles 
and volatile fatty acids. 
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The application of the washed-suspension tech- 
nique to the study of the rumen population was fore- 
shadowed by the work of Marston (1948) though he 
incubated his suspensions for 24 hr.—sufficient 
time for extensive growth to occur. Under our 
conditions the time of an experiment is kept to a 
minimum, and growth sufficient to produce a 
significant alteration in the population is unlikely. 
Our preparations thus appear to offer many 
advantages over the previous methods. In particu- 
lar, the blank metabolism is so low that it is possible 
to utilize manometric methods and associated 
analytical techniques, which permit a more detailed 
analysis of single reactions than would otherwise be 
possible. In support of this claim we may cite not 
only our own work but also that of Lewis (1951a, b) 
on the reduction of nitrate and sulphate by rumen 
bacteria. Clearly, however, the washed suspension 
method must not be used to the exclusion of all 
others. It is, indeed, most important that wherever 
possible, in vitro findings should be confirmed by 
in vivo experiments. 

Despite its advantages the use of washed suspen- 
sions is not free from objections. First, it is question- 
able whether the composition of the washed sus- 
pension is quantitatively the same as the population 
of the rumen, even neglecting the Protozoa which 
are removed by the preliminary centrifugation. In 
addition, the fractionation is arbitrary and seldom 
sharp and we have frequently observed that a con- 
siderable amount of the bacterial fraction other 
than Protozoa is removed during the first brief 
centrifugation. Further, a significant proportion of 
the population is concerned with the fermentation 
of such insoluble materials as cellulose, hemi- 
cellulose, polyuronides and starch, and it is probable 
that many of these organisms will be attached to the 
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particulate matter removed during the preparation 
of the suspension. Finally, it is always possible that 
the more delicate organisms are inactivated during 
the preparation of the suspension. Thus it is prob- 
able that our final suspension is deficient in the 
larger bacteria, in organisms attacking insoluble 
materials and in the more delicate bacteria. 

It appears to us that the washed-suspension 
technique could be readily adapted to the study of 
other bacterial populations, and in particular to the 
study of the organisms of the alimentary tract of 
animals other than herbivores. Such an approach 
to the study of bacteria of the human colon and 
large intestine might well provide useful informa- 
tion on the role of micro-organisms in both normal 
and pathological conditions. 


SUMMARY 


1. The concentration of succinate in the rumen of 
sheep is low and there is only a slight increase after 
feeding. 

2. Added succinate is rapidly removed from the 
rumen and at the same time there is an increase in 
the concentration of propionate but not of any other 
volatile fatty acid. 

3. Washed suspensions of rumen bacteria con- 
vert succinate quantitatively to propionate and 
carbon dioxide. 

4. Washed suspensions of rumen bacteria fer- 
ment glucose and cellobiose rapidly with the pro- 
duction of about 1 equivalent of acid per hexose 
unit. In addition some free carbon dioxide is pro- 
duced. 

The cost of this work was borne by the Agricultural 
Research Council. One of us, A.K.S., wishes to express her 
indebtedness to the British Council for a scholarship. 
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Studies on Cholinesterase 


8. DETERMINATION OF REACTION VELOCITY CONSTANTS WITH 
A REVERSIBLE INHIBITOR OF PSEUDO-CHOLINESTERASE 


By D. K. MYERS 
Pharmaco-therapeutic Laboratory of the University of Amsterdam, Amsterdam, Holland 


(Received 3 December 1951) 


According to the classical theory of enzyme-sub- 
strate kinetics as proposed by Michaelis & Menten 
(1913), the activity of an enzyme is dependent on, 
and directly proportional to, the concentration of an 
intermediary enzyme-substrate complex. The con- 
centration of this complex (ES) is determined by the 
mass law principles governing a reversible reaction 
between free enzyme (Ez) and free substrate (S,), 
this reaction being of the form 


Er+S;=Es. 


Similarly, it is postulated that the degree of inhibi- 
tion of enzyme activity by a reversible competitive 
inhibitor (I) is proportional to the concentration of 
an intermediary enzyme-inhibitor complex which is 
formed by the reaction 


Er+I1e=El. 


Straus & Goldstein (1943) and Goldstein (1944) 
have analysed the kinetics of enzyme-substrate- 
inhibitor reactions from this theoretical viewpoint, 
and predicted that the relative enzyme concentra- 
tion could play an important role in determining the 
mechanism of these reactions. These theoretical 
predictions have been confirmed experimentally 
(Myers, 1952), and to this extent the theory not only 
describes the known facts but can also be used to 
make a successful prediction. 

However, it has been pointed out by Briggs & 
Haldane (1925) that the overall reaction is actually 
of the form 


Er+S;=ES —> Er+ reaction products, 


and that this complete equation must be considered 
in theoretical treatments of enzyme kinetics. This 
formulation has been applied to the kinetics of 
peroxidase activity by Chance (1943), and in this 
case it was shown that the velocity constant for 
breakdown of the substrate in the enzyme-substrate 
complex is much larger than the velocity constant 
for dissociation of this complex. However, the 
results with this enzyme system were of a somewhat 
different nature than is usual with esterases in that 
the rate of enzymic breakdown of substrate was 
proportional to the concentration of a third re- 
actant in the system, the oxygen acceptor. It was 
of interest, therefore, to determine the individual 


velocity constants involved in a reaction with the 
cholinesterase system. 

Direct measurements of these velocity constants 
is not possible with an enzyme such as cholinester- 
ase, but in the treatment of enzyme kinetics given 
by Goldstein (1944), methods were introduced for 
the indirect determinations of the various velocity 
constants of each of the individual reactions in- 
volved in the above equations. However, it was 
impossible to arrive at any definite value for enzyme 
concentration in the cholinesterase system with 
which the theoretical data were illustrated. Con- 
sequently the reaction constants themselves could 
not be accurately evaluated at that time, and, 
moreover, the equations given by Goldstein (1944) 
require some modifications in view of the theoretical 
considerations of Briggs & Haldane (1925). It has 
recently been possible to obtain a reliable and 
relatively accurate estimation of pseudo-cholin- 
esterase concentration by the use of potent re- 
versible competitive inhibitors (Myers, 1952). 
Knowing the enzyme concentration, definite values 
can be assigned to all of the determinable reactions 
constants. 

THEORETICAL 

The theoretical formulations given below represent a modi- 
fication and extension of Goldstein’s treatment and there- 
fore the mathematical symbols used by Goldstein have been 
retained throughout. One exception is made to distinguish 
the velocity constants for the destruction of inhibitor and of 
substrate, these being designated as k, and k, respectively. 
For a comprehensive background to this work, see Goldstein 
(1944). 

In the treatment presented by Goldstein, it has been 
assumed that the enzyme reactions can be adequately 
represented by the equations 


k, ks 
E,+1;=——EI and E,+S,—— ES, 
ky kg 


where enzyme activity is dependent upon the concentration 
of ES and inhibition of enzyme activity is dependent upon 
the concentration of EI. The symbols E, I and S are used to 
designate the molar concentrations of enzyme, inhibitor, and 
substrate, respectively. Thus the theoretical equation for 
the progress of the reaction between enzyme and substrate 
can be written as , 

d(ES) 


=ksE,S, -k,ES. (1) 
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At equilibrium, when the concentration of the enzyme- 
substrate complex is constant, 
ES, k& _, 


d(ES) 
ot; enh Pe, 
dt ~~ ae 





In this case, K, could be termed a ‘dissociation constant’. 
The overall reaction between enzyme and ovbetente is 
actually of the form 


ky ke 
= — ES — E,+reaction products, 





E;, +8; 
4 
when the initial constant velocity of enzyme activity is 
being measured (Briggs & Haldane, 1925). Thus the correct 
equation for the progress of the reaction between enzyme 
and substrate will be 


d(ES 
t ; ) _ 4 E,S, - ES - kg ES 
c 
=k, E,S, — (ky +k.) ES. (2) 
ky tke 
In this case K, = (a ze , where K, is now the experimental 


‘Michaelis constant’. Only if k, were very small in com- 
parison to k, could these two values of K, be taken as 
identical. However, the work of Chance (1943) on peroxi- 
dase has shown that, in this case at least, the Michaelis 
constant (k,+k,)/k; is quite different from the dissociation 
constant k,/k,,. 

The values k, =0-32 min.—! and k, > 3500 min.~! given by 
Goldstein (1944) indicate very definitely that k,, the de- 
struction constant, must also be taken into consideration 
when working with pseudo-cholinesterase. But the inter- 
pretation of these results is further complicated by the fact 
that one of these values must be erroneous. A consideration 
of the Eqns. (1) and (2) above will show that the 
mathematical treatments proposed by Goldstein are still 
valid if the correct constant (k,+,) is substituted for k, 
throughout these equations and that the experimental value 
given for ‘k,’ must, therefore, be the value of (k,+,). This 
leaves us with the problem of reconciling the value 
(ky +k,) =0-32 min.-! with the value k, > 3500 min.-?. 

The value of (k, + k,) was determined simultaneously with 
the value of ‘k,’ (or more correctly k,+k;) from experi- 
mental data for the displacement of acetylcholine from 
psuedo-cholinesterase by added eserine. The equation 
representing the change in fractional activity a with time ¢ 
will be 

da S8’(1-a)-lTa 

@ F * is (3) 

(ky+he) (ka +ks) 

(See Goldstein’s equation 154.) From the data given by 
Goldstein, I’=I/K, had the values 35-5 and 355, while 
S’=S/K, was constant at 64-4. Thus, using the value 
(ky +ks)=0-026, S’/(kg+ks)=2500. For (k,+k,)=0-32, 
I’/(k, + k,) =111 and 1110 which, in comparison to the value 
of S’/(k, +k;), would be large enough to affect the value of 
da/dt appreciably, especially for the higher concentration of 
inhibitor. But if (k,+,) had a very high value, let us say 
>3500, then the value of I’/(k,+k,) would be negligible 
in comparison to 8’/(k,+k;), and thus (k,+,) could not 
be determined from this type of experiment. 
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yin of Eqn. (3), setting a=1 when ¢=0, gives 
S’+1’)t 
sar {str exp| - ene I}: (4) 


(keg + kg) +8’ [(kg + ks) 
(See Goldstein’s equation 164.) On plotting the theoretical 
curves calculated from this equation, it is found, in fact, that 
the scattered experimental points can be fitted just as well 
by an equation where the term I’/(k, + ,) is neglected as by 
an equation where this term has the finite values given by 
Goldstein. This is illustrated in Fig. 1. 


ea 
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Fig. 1. Displacement of substrate by inhibitor. Eserine 
added at zero time to an equilibrated mixture of dog serum 
and acetylcholine. Data of fractional activity of enzyme 
(a) taken from table IV of Goldstein (1944). Points near A, 
with 1-1 x 10-*m- and points near B, with 1-1 x 10-5m- 
eserine. Theoretical curves calculated from Eqn. (4), see 


text. —--, (k,+k,) =0-026, (k, +k,) =0-32 min.— (iden- 
tical with curves of fig. 8 of Goldstein, 1944); ——.- ; 
(ka +k;)=0-026, (ky +k.) >3500; ——, (k,+k;)=0-020, 


(ky +k) > 3500. 


A similar criticism also applies to the simultaneous 
determination of (k,+k,) and (k,+k;) from the experi- 
mental data for displacement of eserine by acetylcholine 
(Goldstein, 1944). Actually, Goldstein has noted in this 
case that the ‘theoretical treatment does not correctly 
describe the reaction at low inhibitor concentrations’; but 
then the assumption that ‘free enzyme is negligible’ does 
not apply to the theoretical curves of Fig. 9 in Goldstein’s 
paper. A more correct treatment of the kinetics of displace- 
ment of inhibitor by substrate is evident from consideration 
of the experimental fact that cholinesterase activity reaches 
a maximum within a very short time after addition of 
acetylcholine. 

When the measurement of the normal activity of a 
cholinesterase is begun 1-3 min. after the addition of sub- 
strate to the enzyme, it is commonly found that the activity 
is linear in relation to time from the beginning of the 
determination (reference to this linearity will be found in, 
for example, Easson & Stedman, 1936; Goldstein, 1944; 
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Myers, 1951, 1952; Berry, 1951). In other words, the 
cholinesterase activity has increased from zero and has 
become constant and maximal within 1-3 min. after the 
enzyme and substrate were mixed. It is not feasible to 
measure the rate of increase of activity during the first 
minute by the techniques commonly used, but we can 
calculate on a theoretical basis how quickly this must occur. 
The theoretical equation for the rate of combination of 
enzyme with substrate, as derived from Eqn. (2), will be 
oe =h{S -a (S+K,)]. 
Integrating and setting a=0 when ¢t=0, 


Ss’ 


a= 51 exp (kat he) (S’+1) é]}. (5) 
Even using the value(k, + 4,) =0-32 min. it is evident that 
the combination of enzyme with substrate will proceed 
very rapidly; if S’=64, the enzyme activity is 98% of the 
maximum it will reach at this specific concentration of sub- 
strate within 0-2 min. after the enzyme and substrate are 
mixed. 

Thus we can consider the combination of substrate with 
free enzyme to be instantaneous under these conditions, 
especially in view of the fact that the correct value of 
(ky+k) is probably greater than 3500 min.—!. The relative 
concentration, a, of free enzyme in an equilibrated enzyme- 
inhibitor system will be given by the equation I’ =(1 —a)/a, 
or a=1/(I’+1). Thus a more correct solution for Goldstein’s 
equation 17a will be obtained by setting a=1/(I’+1) when 
t=0 in the integration of Eqn. (3). It follows that 


lf. ,fla-s) (S'+1)t_7) 
i a) oe ee) eee 
“=(s'+1) | + wen |e Yr atl. 


ith htt | 

(6) 
On plotting the theoretical curves calculated from the 
equation (see Fig. 2), it is again found that the experimental 
data obtained by Goldstein (1944) can be fitted just as well 
by an equation where the value of (k, + k,) is high enough so 
that I’/(k,+k,) can be neglected, as by an equation in which 
(ky +k,) =0-32 min.—. 

Using these corrected equations, it would seem that the 
best fit to all the data of both figures is given by a value of 
0-020 min.~: for (k, + k;) (see Figs. 1 and 2). The experimental 
data do not allow any definite value to be assigned to 
(k,+k,), however, nor do they contradict the fact that 
(k, +k.) must be >3500 min.-. 

Although this discussion has dealt with the reaction 
between enzyme and substrate, it is obvious that a similar 
consideration will apply in the case of an inhibitor which 
itself is susceptible to slow hydrolysis by the enzyme. Thus 
the reaction between pseudo-cholinesterase and eserine, for 
example, should be written in the form 


k, ks 


E, + |, = EI— E, + reaction products. 
k, 


Then, as before in the case of the substrate, the experi- 
mental value of K, will represent (k,+,)/k, rather than 
k,/k,, and the value 0-020 min.-! will represent (k, +k;) 
rather than ‘k,’. 

By the methods outlined by Goldstein (1944) k, itself can 
be determined, but a definite value can be assigned only if 


1952 


the enzyme concentration is known. Using a zone A 
equation despite the assumption of E’ = 12-8, Goldstein has 
calculated that k,=0-00182 min. for the destruction of 
eserine in horse serum as given by the data of Ellis, Plachte 
& Straus (1943). From the data given in a previous article 
(Myers, 1952), it can be calculated that the concentration of 
pseudo-cholinesterase in the full horse serum used by Ellis 
et al. (1943) was probably 6-2 x 10-8m. Using K,=3 x 10-*m- 
eserine, then E’=E/K,=2-1 and the value of k, would 
become 0-011 min.—1. It is interesting that this value of k, 
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Fig. 2. Displacement of inhibitor by substrate. Acetyl- 
choline added at zero time to an equilibrated mixture of 
dog serum and eserine. Data of fractional activity 
of enzyme (a) taken from table V of Goldstein (1944). 
Points near A with 5-5 x10-°m-, B with 5-5 x 10-*M-, 
C with 5-5x10-?m-, and E with 5-5 x 10-*m-eserine. 
Theoretical curves calculated from equation 6, see text. 
—~--, (k_+k;)=0-026, (ky +k,) =0-32 min.—; 

(ke +k;)=0-026, (ky+kg)>3500; whese two lines are 
practically identical near points A and B; » (ke + ks) 
=0-020, (ky + kg) > 3500. 


is of a similar order of magnitude to the value of (k, +k;) 
calculated previously, but this is only a very rough approxi- 
mation since it is a value dependent on the results of three 
separate investigations. Further, the value of k; obtained 
with eserine and the pseudo-cholinesterase of horse serum 
cannot be strictly compared with the previous value of 
(k, +k;) obtained with eserine and the pseudo-cholinesterase 
of dog serum, even if the experimental conditions were not 
somewhat different in the three experiments. 


EXPERIMENTAL AND RESULTS 


The data given by Goldstein (1944) suffer from the 
disadvantage of being determined with dog serum 
using acetylcholine as*substrate for pseudo- 
cholinesterase and eserine as cholinesterase in- 
hibitor. Dog serum also contains appreciable 
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amounts of true cholinesterase (Mendel, Mundell & 
Rudney, 1943) which would also hydrolyse acetyl- 
choline and would also be inhibited by the concen- 
trations of eserine used to inhibit the pseudo- 
cholinesterase. In human serum, on the other hand, 
the amount of true cholinesterase is very small and 
would, in any case, have no effect upon the results 
when benzoylcholine is used as a specific substrate 
(Mendel e¢ al. 1943) and the dimethylcarbamate 
of (2-hydroxy-5-phenylbenzyl)trimethylammonium 
bromide (Hoffman-La Roche, Nu 683) as a specific 
inhibitor (Hawkins & Gunter, 1946) for the pseudo- 
cholinesterase. 


Table 1. Destruction of Nu 683 by the pseudo-cholin- 
esterase of human serum on incubation at 37-5° 
and pH 7-4 


(The solution contained 0-025 m-bicarbonate, a volume of 
dialysed human serum equivalent to 10% (v/v) native 
serum, and 2 x 10-*m-Nu 683. After incubation for various 
periods of time, the activity of 5 ml. was measured using 
0-006M-benzoylcholine as substrate for the pseudo- 
cholinesterase. Three control serum solutions with no 
added inhibitor were treated similarly.) 


Activity in the Activity in the 








Time of first 10 min. first 20 min. 
incubation after addition after addition 
(min.) of substrate of substrate 
Activity of the control solutions 
(ul. CO,/5 ml. solution) 
c se ~ 
15 163 330) 
340 157; av. 160 323; av. 326 
510 159) 325) 
Activity of the serum solutions with 
Nu 683 calculated as a fraction (a) of 
the corresponding average control value 
— on _ 
15 0-054 0-072 
30 0-041 0-052 
60 0-043 0-059 
120 0-029 0-051 
200 0-060 0-075 
260 0-094 0-101 
320 0-157 0-168 
380 0-321 0-324 
410 0-421 0-419 
430 0-502 0-509 
450 0-533 0-549 
480 0-679 0-674 
510 0-748 0-753 


To obtain comparable values for k; and (k,+ ks), 
these reaction velocity constants were determined 
on the same enzyme-inhibitor system as was used 
previously for the determination of enzyme concen- 
tration (Myers, 1952), that is to say, with Nu 683 as 
inhibitor of the pseudo-cholinesterase activity of 
dialysed human serum. 

The experimental methods used were essentially the same 
as those described in a previous article (Myers, 1952). 
A 0-025M-bicarbonate buffer saturated with 5% CO, in 
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95% (v/v) N, gave a pH of 7-4 at 37-5°. The substrate in the 
first experiment below was 0-006 M-benzoylcholine; in the 
second experiment 0-06 M-acetylcholine was employed. 

By following the change in the fractional activity a 
caused by enzymic destruction of inhibitor over a period of 
several hours, k, can be determined directly (see Goldstein, 
1944; Ellis et al. 1943; Easson & Stedman, 1936). Under the 
conditions used, the most accurate estimate of k,; could be 
obtained by using a concentration of inhibitor which caused 
almost complete inhibition initially (Fig. 3). However, it 
might be expected that the small activity initially observed 
during the first 2 hr. of the incubation would be more sus- 
ceptible to errors caused by the displacement of combined 
inhibitor after the addition of substrate. 


Theoretical curves for this type of displacement 
were shown in Fig. 2 above. But the results given in 
Table 1 show that it does not make much difference 
to these particular results whether the fractional 
activity is calculated for the first 10 min. or for the 
first 20 min. after addition of substrate. This does 
not mean that combined Nu 683 was not displaced 
by added benzoylcholine, but rather, that the dis- 
placement was very slow. Over longer periods of 
time after the addition of substrate, a marked dis- 
placement of combined inhibitor was evident at all 
stages of the experiment represented by Fig. 3. This 
confirms the previous conclusion that Nu 683 is a 
reversible competitive inhibitor of the pseudo- 
cholinesterase. 

The values calculated from the activity observed 
in the first 10 min. after the addition of substrate 
were used as a somewhat better approximation to 
the ‘inhibition’ existing before substrate was added. 
On plotting these results and applying the correct 
theoretical equation 


E +In c= +E’ In(l— a | 


a Ay 





J (l-a) _ , ES 
-[ 2+ +E’ In (1-a) | =1,8 (7) 
a 


in place of Goldstein’s equation 25, the experi- 
mental results are found to correspond fairly well 
with these theoretical curves (Fig. 3). 

K,=8-8 x 10-m-Nu 683 
for this enzyme-inhibitor system and 

E = 2-3 x 10-®m-pseudo-cholinesterase 
in a solution of which 5 ml. give an activity of 
100 pl. CO,/20 min. with 0-006m-benzoylcholine as 
substrate under the standard experimental condi- 
tions (Myers, 1952). For the above experiment, thus 
E=7°5 x 10-®m-pseudo-cholinesterase and 
E’ = E/K,=8:5. 

Using this value for E’, the best average value of k; 
was 0-0119 min.-. 

By measuring the rate of displacement of sub- 
strate by inhibitor, (k,+k;) was then determined. 
Under the conditions used, E’/S’ = 0-04 so that zone 

4 
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A equations can be applied. With other kinetic data 
from which (k,+k;) could be estimated (displace- 
ment of inhibitor by substrate, effect of dilution, 
combination of inhibitor with enzyme), the enzyme- 
inhibitor system would be in zone B, rendering the 
mathematical solution for (k,+k;) much more 
difficult. 

In this second experiment, 0-06M-acetylcholine 
was used as substrate for the pseudo-cholinesterase. 
The affinity of benzoylcholine for the pseudo- 
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equivalent to (a.k,.E) (Goldstein, 1944). From the 
equation S’=a/(l—a), a=0-978 when S’=45; 
from the data given previously (Myers, 1952), 
E= 1-72 x 10-®m-pseudo-cholinesterase at this par- 
ticular concentration of serum. Substituting these 
values for a and E in the equation 
(a.k,.E) =9-76 x 10-5 mole 1. min.-, 

k, = 5-80 x 104 min.“ 
(ky +kg) > 5:80 x 104 min.-}. 


then 
and 
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Fig. 3. Enzymic destruction of Nu 683 by the pseudo-cholinesterase of human serum. Experimental conditions as in 


Table 1. Ordinate fractional activity of enzyme (a). Theoretical curves ( 


) calculated from Eqn. (7) where 





k,=0-0119 min.-1, E=7-5 x 10-*m-pseudo-cholinesterase. The experimental curve (—--—-- ) deviates from the 
theoretical curve initially because of the fact that the inhibitor is added at zero time and requires 50-60 min. to come 
to equilibrium with the enzyme. Curve A using 1 x 10-*m-Nu 683, curve B using 2 x 10-*m-Nu 683. 


cholinesterase of dialysed human serum is so high 
that an accurate determination of pS (0-5) (see Fig. 4) 
was impossible with the Warburg technique. Since 
an accurate value for S’ is necessary in determining 
(k.+k;), the use of benzoylcholine as substrate was 
not practicable for this experiment. 

A plot of the activity at various substrate con- 
centrations against the log of substrate concen- 
tration indicated that half-maximal activity is 
obtained with a concentration of 1-34x 10-°m- 
acetylcholine (Fig. 4). Thus K,= 1-34 x 10-3m and, 
for S=0-06Mm-acetylcholine, S’=8/K,= 45. 

At this particular concentration of acetylcholine, 
the activity observed with the 2% (v/v) serum 
solution used was 218 yl. CO,/5 ml. solution/20 min. 
or 0-0976 m-mole/l./min. This rate of hydrolysis is 


In the theoretical equation for change in a as the 
substrate is displaced by added inhibitor, these 
reaction constants occur in the term 


ialoaathal 
(kytke) (ka+ks)]” 
When I’=228, as in the present experiment, 
I’/(kg+k,) = 0-004 min. For S’= 45 and 

(ke + ks) = 90-0119 min.-, 
on the other hand, 8’/(k, + k;) = 3800 min. Therefore, 
under these experimental conditions, I’/(k,+ kg) 
will be quite negligible in comparison to S’/(k,+ ks). 
Thus Eqn. (4) can be rewritten in the simplified form 


-wan® +I’.exp[—t(k,+k,) (8’+1’)/S’}}. (8) 
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Using this equation, the best average value of 
(kg+ks) can be calculated for the experimental 
points of Fig. 5. Satisfactory agreement with the 
experimental points is obtained by giving (k,+k;) 

1p 
08 
06 
a 
0-4 


02 


0 
5 4 





Fig. 4. Pseudo-cholinesterase activity at various concen- 
trations of acetylcholine. Ordinate: fractional activity 
of enzyme (a). Abscissa: negative log. of the molar con- 
centration of acetylcholine. Theoretical curve calculated 
from the equation S=K,a/(l-a) using the value 
K,=1-34 x 10-3. 


a value of 0-0119 min.—!. The experimental error 
precludes the determination of a more precise value 
for these velocity constants; but it can be seen from 
Fig. 5 that the rate of displacement of substrate 
by inhibitor is, if anything, slightly slower than 
the rate expected if (k.+k;)=0-0119 min.—. This 
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would mean that (k,+k;), as calculated from this 
experiment, might beslightly less than 0-0119 min.-. 
Since this work was completed, a method has been 
described for the determination of the limiting 
concentration of pseudo-cholinesterase in serum by 
the use of an irreversible fluorophosphonate in- 
hibitor (Berry, 1951). Therefore the pseudo- 
cholinesterase concentration in human serum was 
estimated by a similar technique using dizsopropyl 
fluorophosphonate as enzyme inhibitor in the 
present investigation. The results indicated that the 
enzyme concentration was 2-20 x 10-°m-pseudo- 
cholinesterase (range 2-12-2-34x 10-®m)/(100 pl. 
CO,/20 min.) activity under the standard conditions 
used above. This would mean that the value of 
k; is about 0-0115 min.-!, which gives an even 
better fit to the experimental points of Fig. 5. 

From these results it can be concluded that 
(k,+k,) is not significantly greater than k, alone, in 
other words, that k, must be of negligible value in 
comparison to k;. This would mean that in this 
particular case the ‘reversible reaction’ between 
enzyme and inhibitor can, for practical purposes, be 
written as 


E+I-—- EI > E+reaction products, 


and that the Michaelis constant K, could be equated 
to ks/ke. 
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Fig. 5. Displacement of substrate by inhibitor. Nu 683 was added at zero time to an equilibrated mixture containing 
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(v/v) dialysed human serum and 0-06M-acetylcholine. Ordinate: fractional activity of enzyme (a). Theoretical 


curves were calculated from Eqn. (8) (see text) for S’=45 and (k, +;)=0-0119 min.—?; I’ =28-5 for curve A, 56-9 for 


curve B, 114 for curve C, and 228 for curve D. 
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DISCUSSION 


The determination of the individual rate constants 
for the reactions involved in the inhibition of pseudo- 
cholinesterase by Nu 683 showed that the rate of 
dissociation of combined enzyme-inhibitor (k,) was 
negligible in comparison to the rate of hydrolysis of 
combined inhibitor (k;). The rate of hydrolysis of a 
substrate such as acetylcholine is much too high to 
allow the direct determination of the corresponding 
velocity constants k, and kz. However, it seems 
quite possible that k, may also have a negligible 
value in comparison to the very high value of k,. 
No proof of this assumption can be given as yet, but 
for practical purposes we could consider that the 
Michaelis constant K,= (k,+k,)/ks>kg/ks. 

In the case of the hydrolysis of acetylcholine by 
pseudo-cholinesterase, kg was found to have a value 
of 5-8x 104 min.—!, while K,=1-34 x 10-% moles/I. 
under the experimental conditions. Thus 

k,>k,/K,= 4-3 x 107 1. mole-! min.—!. 
The corresponding constant for Nu 683, 

k, =k;/K,= 1-35 x 107 1. mole—! min.—!. 
It appears that the rate of combination with pseudo- 
cholinesterase differs only by about three times for 
acetylcholine and for Nu 683. On the other hand, 
the rate of hydrolysis of acetylcholine 

(kg = 5°8 x 104 min.) 

would be nearly 5 x 10° times greater than the rate of 
hydrolysis of Nu 683 (k; = 0-0119 min.—*) by pseudo- 
cholinesterase. Apparently the chief difference 
between the reactions of acetylcholine and of 
Nu 683 with pseudo-cholinesterase lies in the rate of 
hydrolysis of these two compounds by the pseudo- 
cholinesterase. 

For comparative purposes, approximate values 
of the corresponding constants (k,; and k,) were 
calculated from data on the true cholinesterase con- 
centration which have been obtained with the 
N-p-chlorophenyl-N-methylearbamate of m-hydr- 
oxyphenyltrimethylammonium bromide (Nu 1250) 
as inhibitor (Myers, 1952). These indicated that an 
enzyme concentration of 6-3x10-! moles true 
cholinesterase/]. will give an activity of 100 pl. CO,/ 
20 min./5 ml. solution, or 4-46 x 10-5 moles/1./min., 
at a substrate concentration of 0-03M-acetyl-B- 
methylecholine. From results obtained previously 
(Myers, 1951), we can calculate that S’ has an aver- 
age value of about 37 with 0-02M-acetyl-8-methyl- 
choline and therefore K,=5-4x 10-4m. At a con- 
centration of 0-03M-acetyl-8-methylcholine, S’ = 56 
and a=0-982. Then, as before, 

k,= (dS/dt)/aE = 7-2 x 104 min.—} 
and k,>k,/K,=1-3 x 108 1. mole—! min.—!. 
These values are slightly higher (1-2 and 3-0 times 
respectively) than the values of the same reaction 
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constants for the hydrolysis of acetylcholine by the 
pseudo-cholinesterase of human serum. 

The most striking thing about all of these rate 
constants is the large order of magnitude, indicating 
a very high activity of the cholinesterases towards 
acetylcholine and related substrates. In the 
hydrogen peroxide-peroxidase system used by 
Chance (1943), k, also had a very high value which 
was, in fact, of the same order of magnitude as those 
obtained above with the cholinesterases. The value 
given for k,; was 1:2x 1071. mole—!sec.—! or 
7-2 x 1081. mole! min.—1, as compared with the 
values 1-35 x 107 to 1:3 x 10° 1. mole~! min.~ caleu- 
lated above. On the other hand, the destruction 
constant, k,, varied from nearly zero to higher than 
300 min.-!, depending upon the concentration of 
a third reactant which reacted with the activated 
enzyme-substrate complex (Chance, 1943). In the 
case of the cholinesterases, the third reactant is 
probably water, the concentration of which is very 
high and constant under the experimental condi- 
tions. 

In the particular case investigated, the reaction 
between the reversible inhibitor and enzyme could 
be represented best by an equation of the form 


E+I1— EI > E+reaction products. 


Obviously this conclusion cannot be extended to all 
reversible competitive inhibitors of cholinesterases. 
A simple cationic inhibitor such as the sodium ion or 
choline is not susceptible to hydrolysis by cholin- 
esterase and’in such a case the reversible reaction 
will be strictly of the classical form 
E+I1=EI. 
In still other cases, the reaction between enzyme 
and a reversible competitive inhibitor which is 
susceptible to hydrolysis may be represented best 
by the full equation 
E+I=EI — E+reaction products, 


but no good examples of this third type of reaction 
have been described in the literature as yet. 

The assumption, that the enzymic reaction with 
either substrate or inhibitor may follow the first 
type of equation, will not invalidate the basic theory 
of enzyme kinetics as developed for reactions of the 
second and third type (Michaelis & Menten, 1913; 
Briggs & Haldane, 1925; Goldstein, 1944). The main 
difference will be in the velocity constants which are 
represented in the Michaelis constants K, and K,. 
It does of course lay more emphasis on the de- 
struction of inhibitor or substrate by the enzyme, 
but this is a factor which must always be taken into 
account when measuring the initial constant 
velocity of the enzyme activity. 

As noted above, the’ main difference between 
acetylcholine and Nu 683 in their reactions with 
pseudo-cholinesterase would appear to be the large 
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difference in the relative rates of hydrolysis. This 
forms an interesting comparison with the data of 
Chance (1943) on peroxidase, in which case the 
Michaelis constant K,, with the same substrate 
throughout, was directly proportional to the 
velocity constant k, for the rate of destruction of the 
substrate. The apparent dependence of K, upon k, 
would suggest that the values of k, and k,; may be a 
measure of physical factors limiting the rate of 
combination of enzyme with substrate or inhibitor. 
However, it is rather improbable that this com- 
parison between the values of k, and K, could be 
extended to all enzymes substrates under all experi- 
mental conditions. 

The effect of the experimental conditions upon 
the values obtained for these velocity constants 
remains to be investigated. It has been demon- 
strated with cholinesterase that the Michaelis con- 
stants for both substrate and inhibitor may be con- 
siderably affected by the presence of salts in the 
medium (Mendel & Rudney, 1945; Myers, 1950). 
Thus the salt concentration must have a significant 
effect upon the observed values of the individual 
reaction constants. However, it would seem logical 
that these rate constants should be determined in a 
medium containing as few interfering factors as 
possible; the inherent velocity constants of the 
enzyme-inhibitor or enzyme-substrate system are 
probably those which would be obtained in the 
complete absence of salts or other interfering factors 
in the medium. Since high concentrations of salts 
are not necessary for the activity of the cholinester- 
ases, the best practical solution to this problem is 
probably obtained by using only the low concentra- 
tion of buffer solution required to maintain pH. 


SUMMARY 


1. The theoretical formulations of Goldstein 
(1944) were based on the assumption that the 
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reaction between an enzyme (E) and its substrate (S) 
could be adequately represented by an equation 


f the f 
of the form E+S<Es. 


These formulations have been modified to comply 
with the correct equation for the overall reaction 


E+S=ES > E+ reaction products. 


2. The velocity constants for the reactions 
between the dimethylearbamate of (2-hydroxy-5- 
phenylbenzyl)trimethylammonium bromide (Nu 
683) and the pseudo-cholinesterase of human serum 
have been determined by the use of these modified 
theoretical equations. The results obtained were as 
follows: Michaelis constant K,=(k,+k;)/k,=8-8 x 
10° mole ].-?; k, = 0-0119 min.— (rate of hydrolysis 
of inhibitor I); (k.+k;)=0-0119 min.-!; k,=negli- 
gible value (rate of dissociation of EI); k,= 1-35 x 
107 1. mole! min.—! (rate of combination of E 
with I). 

3. The corresponding velocity constants between 
acetylcholine and the pseudo-cholinesterase were : 
Michaelisconstant K, = (k,+k,)/k,= 1-34x 10-*mole 
1.1; kg =5-8 x 10* min.— (rate of hydrolysis of 8); 
k,2 4-3 x 107 1. mole min. (rate of combination 
of E with §S). 

4. The significance of these results has been dis- 
cussed. In the particular case of Nu 683 as in- 
hibitor of the pseudo-cholinesterase activity of 
dialysed human serum, it would appear that the 
‘reversible reaction’ between the enzyme and 
inhibitor could for practical purposes be repre- 
sented by an equation of the form 


E+I-— EI > E+reaction products. 


The author is indebted to Prof. B. Mendel for his valuable 
criticisms and suggestions, to Miss M. de Jonge for technical 
assistance, and to Miss E. F. Purdie for her assistance in 
preparing this article for publication. 
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Volatile Acids in the Secretion Products (Hair Grease) of the Skin 


By E. BROUWER anp H. J. NIJKAMP 
Laboratory of Animal Physiology of the Agricultural University College, 
Wageningen, The Netherlands 


(Received 11 January 1952) 


The secretory products of the sweat glands and the 
sebaceous glands are in several respects physio- 
logically important. The function of the sweat in the 
excretion of waste products and in the regulation of 
body temperature is well known. The sebum from 
the sebaceous glands doubtless aids in preventing 
the penetration of harmful substances into the skin, 
it affords protection against the disintegrating in- 
fluence of external moisture, it gives pliability to the 
skin, and it contains provitamin D (Dukes, 1947). 
In healthy animals it confers on the hair its glossy 
appearance, whilst in illness the fur may be dry and 
the hair brittle perhaps due to lack of sebum. 
Moreover, the secretion products of the skin are said 
to have antimicrobial properties. Finally, the 
odorous substances are of considerable importance 
in the relations between male and female animals 
and between mother and young. 

Very little is known with certainty about the 
odorous substances in the skin secretions. Never- 
theless, it is usually assumed that the repugnant 
smell of male goats originates from skin secretions 
and is due to caproic and caprylic acid (Zwaarde- 
maker, 1895). However, in scrutinizing the liter- 
ature, we did not find reliable chemical analyses 
corroborating this assumption. It seemed, there- 
fore, worth while to determine the volatile acids in 
extracts of hair of male goats in comparison with 
other animals with the aid of the newer methods of 
chromatography. We found, however, that the C,, 
C, and Cy) acids were by no means abundant. 
Nevertheless, the volatile acids in the hair extracts 
of different species of animals presented several 
interesting features. Moreover, the study of the 
skin secretions, as compared with the milk secretion, 
is of fundamental importance, because the udder can 
be considered to be a huge complex of modified skin 
glands. 


METHODS 


The chromatographic method used was the one initiated by 
Ramsey & Patterson (1948) as improved upon by Nijkamp 
(1951). As far as the extraction of the hair is concerned, the 
following procedure was adopted. The hair was collected 
from the back and sides of the animals and stored at — 20° if 
not used immediately. After clipping and, if necessary, 


drying over blue silica gel, about 20 g. of hair was extracted 
for several hours with peroxide-free diethyl ether. The 
ether was washed with a dilute aqueous solution of K,CQ,. 
After evaporation of the ether, a residue of fatty material 
was left behind and has been named by us the ‘lipid fraction’. 
It includes the triglycerides, the waxes, etc. but not, of 
course, the free fatty acids. After saponification with a 
solution of NaOH in acid-free ethanol, the volatile acids 
were collected by steam distillation and separated on a 
silica gel column as described (Nijkamp, 1951). 

The watery layer separated from the lipid fraction will be 
termed the ‘K,CO, fraction’. It also contained some volatile 
acid and was therefore treated separately. After evapora- 
tion to small volume and acidification, the volatile acids 
were collected by steam distillation and separated on a 
silica gel column. 

Finally, the hair, as left after the ether extraction, was (at 
35-40°) extracted once more, this time with a dilute aqueous 
solution of KHCO, containing enough K,CO, so that the 
reaction remained faintly alkaline to phenolphthalein after 
the solution had been added to the hair. The extract plus 
washings was’ called the ‘alkaline hair extract’. It was 
evaporated down to small volume and treated in the same 
way as the watery layer separated from the ether extract 
mentioned above. 

All processes were sown by special experiments to be 
such that no breakdown of glycerides or waxes could occur 
during the extractions. The volatile acids obtained after 
saponification of the lipid fraction therefore originated from 
glycerides, and perhaps waxes and allied compounds. On 
the other hand, the volatile acids in the K,CO, fraction and 
in the alkaline hair extract must have been present in the 
hair as such or in soaps; minor quantities may also have 
been produced in these watery extracts during evaporation 
and steam distillation as a result of decomposition of non- 
lipid material present in small amounts. There would, 
perhaps, have been some reason to combine the volatile 
acids from these two watery extracts. Nevertheless, in 
Table 1 they have been kept apart. Presumably, most of the 
free acids are found in the K,CO, fraction and most of the 
soaps in the alkaline hair extract. 

Although it was our intention to study in the first place 
the acids C,-C,9, the figures for C, and C, are also given. The 
latter two acids must, however, be considered as minimum 
values because C, and C; acids are taken up by the solvent 
(iso-octane) with more difficulty than the acids C,-C,). 

In Table 1, data are set out on C,, C3, Cy, C;, Cg, C, and 
Ci) acids. In some instances, however, still other volatile 
acids must have been present, presumably C, and C, acids 
and an unknown volatile acid moving on the column between 


C, and C,. 
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RESULTS 
Lipid fraction 

Although precautions had been taken to prevent 
any contamination whatever with acetic and pro- 
pionic acids, many samples (especially those from 
ruminants) did contain measurable quantities of 
those compounds. It must, therefore, be concluded 
that the two acids were present (as esters) in the 
lipid fraction. The biggest quantity was only about 
0-1%, but this represents a minimum. As a matter 
of fact, French, Hunter, Martin & Popjék (1951) 
have recently isolated and identified acetic acid 
from goat milk fat. In addition, traces of propionic 
acid and valeric acid have also been identified by 
these authors. 

The proportions of the volatile acids in the 
various lipid fractions presented interesting features. 
In the cases of the horse, pig, rabbit, cat, guinea pig, 
rat and man all volatile acids up to C, were only 
present in minor or even negligible quantities. In 
most instances, however, the quantity of C,) acid 
was somewhat higher. Up to now only one sample 
from each of these species has been examined. 

In the lipid fraction of three samples of goat hair 
all members (C,, C,;, C,, C;, Cg, Cg, Cyp acids) were 
present in appreciable quantities, the aggregate 
amounting to about 3% of the lipid fraction. This 
great variety of volatile acids seems characteristic 
of ruminants, for it was also found with hair of 
cattle and of sheep. Nevertheless, with the latter 
two species, the results differed somewhat from 
those associated with goats. With cows (either in 
milk or not) a shift was shown to C, and C,, acids. 
The quantities of C,,C,,C, and C, acids were smaller, 
the quantities of C, acid about equal and of C, and 
C,, acids larger than with male goats. With the bull, 
the distribution of the acids was about the same as 
with cows. Thus, with male goats, contrary to what 
was anticipated, the quantities of C,, C, and Ci, 
were by no means larger than with cattle. 

With sheep, the distribution of the volatile acids 
was different again, with C, and C, acids pre- 
dominating. The other volatile acids, though not 
absent, were present in so much smaller quantities 
that the aggregate of volatile acids amounted to 
only half the quantity found in the lipid fractions of 
goats and cattle. 

Still another type of distribution prevailed with 
the dogs. The total quantity of volatile acids 
amounted to about 5%, and with five animals con- 
sisted almost exclusively of valeric acid. With three 
other dogs, some other volatile acids were also 
present, but only in small quantities, most of them 
being C,, C, and Cy) acids. Whether the C; is n- 
valeric acid or isovaleric acid has not yet been 
established. It is of interest that isovaleric acid 
has been recognized as an important constituent of 
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the fat of the dolphin and the porpoise. The per- 
centages (by weight in the fatty acids) in the depot 
fat of the body, head and jaw of the porpoise 
(Phocaena communis) were respectively 13-6, 20-8 
and 25-3 (Lovern, 1934). 


K,CO, fraction and alkaline hair extract 

As a rule, the total quantities of volatile acids in 
these fractions were not very different. Except 
with the sheep, they amounted to only a few 
mg./100 g. of hair. Nevertheless, with the horse, 
pig, rabbit, guinea pig, rat and man, the totals were 
somewhat higher than those in the lipid fractions, 
which were almost devoid of volatile acids. With the 
cat they were a little lower. The question whether 
the small quantities of volatile acids in the K,CO, 
fraction and in the alkaline hair extract have been 
secreted as such or as esters or whether they might 
parily be decomposition products, cannot be settled 
from our experiments. In most cases C, and C, acids 
were preponderant. In many instances, however, 
the amount of C,) acid was also somewhat higher 
than that of the intermediate volatile acids. 

Nearly the same result (C,, C;, C, low, and C,, C,, 
C,) as a rule somewhat higher) was arrived at with 
the cows and the goats. Again with the male 
goats, C,, C, and C,, acids were by no means higher 
than with the cows and the bull. On the contrary, 
with the bull, C, was distinctly higher. Thus, with 
the goats, neither the lipid fraction nor the other 
fractions showed high contents of C,, C, and Ci, 
acids. Still it was quite striking that these fractions 
often displayed a strongly offensive goat smell. For 
this reason, we are inclined to believe that the smell 
should not be attributed to C,—-C,, acids but rather 
to other, still unknown, odorous substances. 

With the dogs the quantity of C; acid was again 
conspicuously higher than with the other species of 
animals. With the dogs it was only second to 
C, acid. 

With the sheep, the volatile acids in the two 
fractions under consideration were distinctly larger 
than with the other animals, the totals being in two 
instances as big as in the lipid fraction. The amounts 
of the individual acids varied considerably. The 
averages of the individual acids, however (including 
C,), did not show big variations. More than with the 
other species of animals we got the impression that, 
with sheep, some decomposition of the esters had 
taken place. The fact that the wool protects the 
grease from being continuously rubbed off by the 
action of the animal may contribute to this phe- 


nomenon. 
SUMMARY 


1. The volatile fatty acids C,, C;, Cy, C;, Cs, Cg 
and C,, (free and as esters) of the skin secretions 
(hair grease) of man and of several species of animals 
have been studied. The quantities of these acids 
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found in the secretions of man, horse, rabbit, cat, 
guinea pig and rat were very small. 

2. With male goats, cattle, sheep and dogs, 
appreciable quantities were found, mainly in the 
lipid fraction of the hair, i.e. the ether extract from 
which the free acids had been removed. The acids 
(including some C, and C, acids), were therefore 
present in this fraction in combined form. The 
aggregates of volatile fatty acids C.-C, in the lipid 
fractions amounted for the four species of animals 
mentioned respectively to about 3, 3, 1-5 and 5%. 
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3. In the lipid fractions relating to the three 
species of ruminants all seven volatile acids were 
present. However in cattle, C, and C,) acids were 
preponderant, whilst in sheep C, and C; acids pre- 
dominated. In male goats the seven volatile acids 
were more evenly distributed, but C, and C,y acids 
predominated. The lipid fractions from eight dogs 
contained virtue lly C; acid only. 

5. It is questionable whether the offensive smell 
of male goats is really due to C, and C, as is generally 
assumed. 
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The Occurrence of Growth Factors for Lactobacillus leichmannii, 
Streptococcus faecalis and Leuconostoc citrovorum in the 
Tissues of Pernicious Anaemia Patients and Controls 


By R. H. GIRDWOOD 
Department of Medicine, University of Edinburgh 


(Received 27 December 1951) 


The chief therapeutic substances that have been 
shown to be of value in the treatment of pernicious 
anaemia in man are: vitamin B,, (cyanocobalamin) 
which is a growth factor for Lactobacillus leich- 
mannii; pteroylglutamic acid (probably folic acid) 
which is a growth factor for Streptococcus faecalis ; 
5-formyl-5: 6: 7: 8-tetrahydropteroylglutamic acid 
(the citrovorum factor or probably folinic acid) 
which is a growth factor for Strep. faecalis and for 
Leuconostoc citrovorum. The metabolic interrelation- 
ships of these factors are uncertain and have already 
been discussed (Girdwood, 1952a, b). 

The present investigation commenced with a 
study by microbiological assay methods of the 
content of vitamin B,, and of growth factors for 
Strep. faecalis in the tissues of a patient who died of 
untreated pernicious anaemia. Later, published 
work suggested that the citrovorum factor is of 
importance in relation to haemopoiesis (Nichol & 
Welch, 1950), and accordingly we commenced 
studies of the amounts of citrovorum factor in 
human tissues. Swendseid, Bethell & Ackermann 
(1951) have introduced a differential microbiological 
assay procedure for measuring the extent to which 
the apparent folic acid content of tissues is, in fact, 
due to citrovorum factor. By a similar approach, 
and using autopsy material, we have found that in 


certain human tissues the whole of the material with 
folic acid activity is citrovorum factor. This is in 
keeping with the findings of Swendseid et al. (1951) 
who carried out their investigations on fresh mouse 
livers. 


EXPERIMENTAL 


Various tissues and organs were obtained at autopsy from 
the following patients. 

Case I, A man aged 65, was admitted to hospital with 
severe untreated pernicious anaemia diagnosed on the 
clinical and haematological findings which included sternal 
puncture. The haemoglobin level was 5-7 g./100 ml., 
R.B.C. 1-95 millions/cusmm. Before treatment commenced 
the patient died suddenly of a coronary thrombosis. 

Case II. A woman aged 79, was admitted to hospital with 
untreated pernicious anaemia (Hb 5-3 g./100 ml., B.B.c. 
1-35 millions/cu.mm.). She was given 2 ml. of liver extract 
on admission (containing about 6 yg. of vitamin B,,/ml.) and 
the following day 100 yg. of vitamin B,, together with a 
transfusion of a pint of blood. She died on the third day in 
hospital through having aspirated her vomitus into the 
trachea and bronchi. At the time of death the marrow was 
not completely converted to the normoblastic state. 

Case III, A woman aged 57 was admitted to hospital with 
hypertensive cardiac failure. There was collapse of the left 
lung and at autopsy a bronchial carcinoma was found to be 
present. No visible tumour deposits were present in the 
tissues that were used for assay. The patient was not 
anaemic. 
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Case IV. A man aged 75 was admitted to hospital with a 
cerebral thrombosis and died the following day. There was 
no anaemia. 

In addition, a sample of liver weighing approximately 2 g. 
was obtained at operation from a patient (case V) who was 
undergoing a partial gastrectomy operation for peptic ulcer. 


METHODS 


All pH estimations were made with glass electrodes. 


Buffer solutions 


Stock solutions used for the preparation of buffer solutions 
were (i) 27-228 g. KH,PO, dissolved in distilled water and 
made up to 11. (ii) 35-612 g. Na,HPO,.2H,O dissolved in 
distilled water and made up to 11. 0-2m-Phosphate buffer 
solution at pH 7-5 was prepared by mixing 84-2 ml. of 
solution (i) with 15-8 ml. of solution (ii). 0-2m-Phosphate 
buffer solution at pH 6-8 was prepared by mixing equal 
parts of solutions (i) and (ii). 


Preparation of tissues 


Tissue extractions were performed by two methods in 
each instance. 

Method A. Approximately 1g. of tissue was homo- 
genized in 10 ml. of 0-2m-phosphate buffer solution at 
pH 7-5. There were added a further 10 ml. of the same buffer 
solution and the sample was incubated at 37° for 24 hr. The 
material was then steamed for 10 min. at 100° and filtered. 
The volume was made up to 50 ml., the final pH being 
adjusted to 6-8 with 0-1 N-HCl. 

Method B. To approximately 1 g. of tissue there were 
added 20 mg. of pancreatin which itself was found to have 
negligible growth-promoting activity for the test organisms. 
Then 10 ml. of 0-2 M-phosphate buffer at pH 6-8 were added 
and the further steps carried out as in method A, the buffer 
used throughout being of pH 6-8. The final pH was 6-8. 


Vitamin assay procedures 


Vitamin B,,. The content of this was measured using 
a modification of the method of Hoffmann, Stokstad, 
Hutchings, Dornbush & Jukes (1949), with Lb. leichmannii 
as test organism. Thioglycollic acid was not included in the 
medium, the samples instead being added aseptically to the 
autoclaved medium. It has recently been shown (Pierce, 
Page, Stokstad & Jukes, 1949) that related forms other than 
vitamin B,, itself occur in nature, and that these forms differ 
in that they lack a cyano group. For this reason, in the 
later stages of the investigation, the samples were treated 
with NaCN to convert alternative forms to cyanocobalamin. 
This was done after homogenization and incubation. 

It is known that certain substances other than vitamin 
B,,, notably various deoxyribosides, will support the growth 
of Lb. leichmannii under the conditions of the assay. 
Correction for this effect was made by destroying the 
vitamin B,, with alkali and re-assaying for growth activity. 

Pteroylglutamic acid and citrovorum factor. The growth of 
Strep. faecalis in a medium deficient in pteroylglutamic acid 
is stimulated either by pteroylglutamic acid or by citro- 
vorum factor, whereas under the conditions of the assay the 
growth of L. citrovorum depends only upon citrovorum 
factor and not upon pteroylglutamic acid. 
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In the earlier stages of the investigation, estimations of 
combined pteroylglutamic acid and citrovorum factor were 
made using Strep. faecalis and the medium of Teply & 
Elvehjem (1945). Measurement of growth was by estima- 
tion of turbidity. Later, when assays of citrovorum factor 
were performed these were done by a differential assay 
method as described by Swendseid e al. (1951). Thus, 
assays of citrovorum factor alone were made with L. 
citrovorum as test organism. For this a modification of the 
method of Sauberlich & Baumann (1948) was employed, 
acid-hydrolysed casein being used and thymidine added to 
the medium since the latter substance reduces the require- 
ment of L. citrovorum for zitrovorum factor (Broquist, 
Stokstad & Jukes, 1950). The Ca salt of citrovorum factor, 
supplied by the kindness of Dr H. Broquist of Lederle 
Laboratories, Inc., New York, was used to give the standard 
curves, and concentrations were measured in terms of 
citrovorum-factor activity. 

At the same time assays were performed using Strep. 
faecalis as test organisms, with two series of standard curves 
produced by pteroylglutamic acid and citrovorum factor, 
respectively. It was thus possible to measure ‘total 
apparent pteroylglutamic acid activity’ (FAA) and, at the 
same time ‘apparent citrovorum activity’ (ACF) with 
Strep. faecalis. Since citrovorum factor has been used as a 
standard in both the LZ. citrovorum and Strep. faecalis 
assays, if the activity of a given specimen in stimulating 
Strep. faecalis was greater than its activity in stimulating 
L. citrovorum, pteroylglutamic acid must have been present. 
If the results were the same in each instance, only citro- 
vorum factor was present. Since the true content of citro- 
vorum factor is known from the L. citrovorum assay, and 
there are both pteroylglutamic acid and citrovorum factor 
standards in the Strep. faecalis assay, it is possible to calcu- 
late to what extent citrovorum factor is falsely showing 
itself as total apparent pteroylglutamic acid activity and 
hence to calculate true pteroylglutamic acid content. 

These assays cannot differentiate between free and con- 
jugated forms of the various haematopoietic factors. 


Under the conditions of the assay reported here, 
the stimulation of growth of Strep. faecalis pro- 
duced by 1-0 mg. of citrovorum factor (calculated 
as the free acid) was equivalent to that produced by 
0-58-0-78 mg. of pteroylglutamic acid. There were 
variations with individual assays but the results 
were consistently within this range. This is in 
keeping with the findings of Broquist (1951), but 
differs from the experience of Swendseid e¢ al. (1951) 
who used folinic acid provided by Dr William Shive 
as standard, and found that 1-0 mg. of folinie acid 
had the growth-promoting activity of 1-5 mg. of 
pteroylglutamic acid. 


RESULTS 


Significance of assay procedures 


Nichol & Welch (1950) have shown that pteroyl- 
glutamic acid may be converted to citrovorum 
factor in tissues under certain conditions, and hence 
we have followed the practice of Swendseid et al. 
(1951) of adding pteroylglutamic acid to samples of 
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Table 1. Recovery of pteroylglutamic acid and citrovorum factor added to the buffer 
in which human tissues were homogenized 


Citrovorum  Pteroylglutamic 
factor activity acid activity 
(L. citrovorum (Strep. faecalis 
Method of Supplement added assay) assay) 
Organ extraction to homogenate (ug-/g-) (ug-/g-) 
Liver B None 0-67 0-61 
B 10 ug. PGA/g. 0-68 9-8 
B 4-38 ug. CF/g. 4:3 4-1 
A None 0-45 0-47 
A 10 ug. PGA/g. 0-44 9-0 
A 4-38 ug. CF/g. 4-1 3-9 
Liver B None 1-0 0-79 
B 0-922 wg. CF/g. 1-8 1-4 
Kidney B None 0-22 0-10 
B 0-8 ug. PGA/g. 0-25 0-89 
B 0-922 ug. CF/g. 0-97 0-73 


Table 2. Results of repeated assays on different specimens of same organs 


Vitamin B,, content 
Method of (Lb. leichmannii assay) Strep. faecalis (as PGA) 


Case Organ estimation (ug-/100 g.) 
Ill Liver B 22, 29, 25 

A 23, 26, 24 
IV Liver B 58, 53, 50 


certain of the tissues prior to incubation to see 
whether such conversion occurred under the condi- 
tions of our assay. When pteroylglutamic acid had 
been added to the fluid in which the tissues were 
homogenized, there was no increase in the ability of 
samples to stimulate the growth of L. citrovorum 
although the added pteroylglutamic acid could be 
recovered to the extent of 80-98 %, as shown by the 
Strep. faecalis assay (Table 1). When citrovorum 
factor was added before homogenization, recoveries 
were equally satisfactory, and hence there was no 
evidence of conversion of pteroylglutamic acid to 
citrovorum factor or citrovorum factor to pteroyl- 
glutamic acid. 

~ In all instances, assays were performed at least in 
duplicate, usually in quadruplicate, and the ac- 
curacy of the method was checked by performing 
repeated assays on several specimens of the same 
tissue, separately weighed and homogenized 
(Table 2). 


Content of vitamin By, and of growth factors for 
Streptococcus faecalis in a patient with untreated 
pernicious anaemia 


The results of this investigation are given in 
Table 3. It will be seen that no vitamin B,, was 
detected in any organs or tissues. In the assay 
method employed each tube contained 10 ml. of 
fluid of which 5ml. comprised double strength 
medium. When 0-2 umg. of vitamin B,, was added 
to a series of such assay tubes containing 0-5, 1, 2, 3 
and 4ml. respectively of extracts of each of the 





Citrovorum factor content 
(L. citrovorum assay) 


Growth factors for 


(ug./100 g.) (ug./100 g.) 
160, 170, 160 150, 160, 180 
170, 150 150, 150 
390, 410 530, 520 


Table 3. Vitamin B,,. and total apparent pteroyl- 
glutamic acid content of the tissues and organs of a 
patient with untreated pernicious anaemia case I 


(The vitamin B,, content (Lb. leichmannii assay) without 

cyanide was nil in all cases.) 
, Total apparent 

folic acid activity 


(Strep. faecalis 
Organ Method of assay) 
or tissue extraction (ug-/100 g.) 

Liver B 83 
A 90 

Kidney B 24 } 
A 55 

Spleen B 14 
A 8-9 

Lung B Negligible 
A Negligible 

Brain B 5-4 
A — 

Stomach B Negligible f 
A Negligible 

Intestine B 14 I 
A 3-9 

Tongue B 12 
A 3-4 

Muscle B 8-2 
A 4-1 


tissues of this patient, prepared as in method B, 
but brought to a final dilution of 100 ml., growth 
occurred equally in all tubes.except in the case of the 
extract of skeletal muscle where it was progressively 
less with increasing content of tissue extract. Since 
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the amount of growth in all other instances was 
equal to that produced by 0-2 umg. of vitamin B,, 
in water, it appears that in most of the tissues no 
inhibitors were present to prevent the growth- 
stimulating effect of vitamin B,, for Lb. leichmannii. 


HAEMOPOIETIC FACTORS IN HUMAN TISSUES 61 


what was found in cases III and IV, an appreciable 
part of the apparent pteroylglutamic acid content 
was not due to citrovorum factor. The patient 
received approximately 112 yg. of vitamin B,, by 
injection before death. The liver weighed 1120 g. 


Table 4. Content of haemopoietic factors in the tissues of non-anaemic human patients 





Total Apparent True 
apparent citrovorum- citrovorum- 
Vitamin B,, content folic acid factor factor 
(Lb. leichmannii assay) activity activity activity True 
=a (FAA) (ACF) (CF) folic acid 
Organ Method Without After cyanide Strep. faecalis Strep. faecalis L. citrovorum activity 
Case or of cyanide treatment assay assay assay (PGA) 
no. tissue extraction (yg./100 g.) (ug-/100 g.) (ug./100 g.) (ug-/100 g.) (pg-/100 g.) (ug-/100 g.) 
Ill Liver B 25 28 130 170 160 Negligible 
A 24 28 138 160 150 Negligible 
Kidney B 16 15 79 84 90 Nil 
A 7-1 71 16 16 14 Negligible 
Spleer. B 3-9 4:7 39 47 47 Nil 
A 4-6 5-0 6-0 7-8 9-9 Nil 
Lung B 5-1 5-2 65 76 42 30 
A 4-0 4-2 33 36 9-4 26 
Brain B 9-1 10 38 48 14 27 
A 7-0 8-7 12 18 1-7 11 
Muscle B 8-3 8-4 39 42 24 21 
A 7-8 6-4 75 13 3-9 4-5 
Skin B 13 1-5 24 25 78 18 
A 1-4 1-2 15 17 Negligible 15 
IV _ Liver B 54 67 400 520 520 Nil 
A 55 74 400 510 540 Nil 
Kidney B 25 32 38 38 40 Nil 
A 33 37 34 41 42 Nil 
Spleen B 36 39 71 78 29 49 
A 12 21 16 19 58 11 
Brain B 22 22 17 20 3-7 14 
A 5-9 6-1 Negligible Negligible Negligible Negligible 
Stomach B 22 30 38 40 23 21 
A 6-2 7-8 21 20 8-1 15 
Intestine B 28 27 23 26 3-1 20 
A 15 16 20 20 53 16 
Muscle B 1] 16 18 20 17 5-4 
A 9-9 12 16 13 9-1 9-7 
V_sLiver B 50 _ 430 550 500 41 
A 46 — 310 390 300 81 


Content of vitamin By, pteroylglutamic acid and 
citrovorum factor in the organs and tissues of control 
patients 
The results of this investigation are given in 

Table 4. It will be seen that in the liver and kidney 

almost all the apparent pteroylglutamic acid was, 

in fact, citrovorum factor, but that in most in- 
stances the other organs and tissues contained both 
of these forms. 


Content of haemopoietic factors in the organs and 
tissues of a pernicious anaemia patient at the 
commencement of treatment 


The results of this investigation are given in 
Table 5. It will be seen that here, in contrast to 


and the kidneys each weighed 120 g. If the highest 
figure obtained for B,, content (method B, treated 
with sodium cyanide) is taken to be the correct one, 
then the liver contained 260 yg. of vitamin B,, and 
in the kidneys there was a further 17-8 yg. 


DISCUSSION 


These results give an indication of the occurrence of 
vitamin B,., pteroylglutamic acid and citrovorum 
factor in human tissues and indicate that in the 
liver and kidneys the apparent pteroylglutamic acid 
is largely citrovorum factor. It is possible, but 
unlikely, that this was due to post-mortem con- 
version of pteroylglutamic acid to citrovorum 
factor because (1) when pteroylglutamic acid was 
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incubated with liver or kidney, which did not 
appear themselves to contain appreciable amounts 
of this substance, conversion to citrovorum factor 
did not occur; (2) similar results were found by 
Swendseid e¢ al. using fresh mouse livers; (3) in the 
liver obtained at surgical operation, growth of 
Strep. faecalis was very largely due to citrovorum 
factor ; and (4) in the liver of the pernicious anaemia 
patient (case II) there was no increase of the per- 
centage of growth activity for Strep. faecalis, due to 
citrovorum factor, after the organ had been kept 
frozen for 4 months. Unfortunately, it was not 
possible to carry out assays for citrovorum factor at 
the time when the tissues of case I were investigated, 
since at that time citrovorum factor for use as a 
standard was not available. 
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though Cuthbertson (1951) states that cyanide is 
more effective if added prior to homogenization. 
No vitamin B,, was found in the tissues and 
organs of case I, and except with the extract of 
muscle there was no evidence for the presence of any 
inhibitors that would prevent added vitamin B,, 
from supporting the growth of the test organism. 
The findings for the vitamin B,, content of the 
organs in case II are more difficult to interpret. It is 
known that when vitamin B,, is given by injection in 
doses of 100 yg. or more, there is a considerable and 
rapid excretion of the vitamin in the urine, and yet 
the combined vitamin B,, contents of the liver and 
kidneys appear to be greater than the amount that 
was injected. There is already some evidence that 
the tissues and organs of patients with pernicious 


Table 5. Content of haemopoietic factors in the organs and tissues of a pernicious anaemia patient 
at commencement of treatment. Case II 


Total Apparent True 
apparent citrovorum- _citrovorum- 
Vitamin B,, content folic acid factor factor 
(Lb. lechmannii assay) activity activit activity True 
A, (FAA) (ACF) (CF) folic acid 
Method Without After cyanide Strep. faecalis Strep. faecalis L. citrovorum activity 
of cyanide treatment assay assay assay (PGA) 
Organ extraction (yg./100 g.) (ug./100 g.) (ug./100 g.) (ug./100 g.) (pwg-/100 g.) (ug-/100 g.) 
Liver B 14 23 120 140 79 62 
A 3-2 4-1 65 66 26 45 
Kidney B 5-0 7:3 46 43 46 Nil 
A 2-6 2-9 11 15 12 2-0 
Skin B 0-27 -- 11 - 16 1-5 9-7 
A 0-26 Negligible Negligible Negligible Negligible Negligible 


It appears that the liver of case II, a pernicious 
anaemia patient at the commencement of treat- 
ment, differs from that of cases III and IV in that 
pteroylglutamic acid itself was present to an 
appreciable extent either in a free or conjugate 
form. However, further work on the livers of un- 
treated patients with megaloblastic anaemia and on 
many more normal livers is necessary before any 
claim can be made that one of the metabolic errors 
in pernicious anaemia is a failure in the conversion 
of pteroylglutamic acid to citrovorum factor. The 
fact that the therapeutic dosage of pteroylglutamic 
acid and of citrovorum factor is similar (Davidson & 
Girdwood, 1951) suggests that this cannot be the 
primary metabolic fault. 

It will be noted that in common with other 
workers we found that with certain tissues the 
content of haemopoietic factors was greater when 
pancreatin extraction was used, and there is no 
reason to believe that the higher figure in each 
instance is not the correct one. In most instances the 
addition of sodium cyanide after homogenization 
caused little increase in the content of vitamin B,, 
suggesting that little vitamin B,., was present, 


anaemia in relapse are not always completely 
devoid of vitamin B,,. (Girdwood, 1951; Drouett, 
Wolff & Rauber, 1951), but if this is the true 
explanation it would appear reasonable to assume 
that the vitamin B,, present in the tissues of such 
patients is in a ‘bound’ form that is not available for 
haemopoiesis. An alternative interpretation would 
be that some other substance is present that stimu- 
lates the growth of Lb. leichmannii under the condi- 
tions of the assay despite the use of a technique that 
includes alkaline hydrolysis. 


SUMMARY 


1. An account is given of the distribution of 
vitamin B,,, pteroylglutamic acid and citrovorum 
factor in the tissues and organs at autopsy of two 
non-anaemic patients. The liver and kidneys con- 
tained relatively large amounts of citrovorum 
factor, but no pteroylglutamic acid. 

2. The tissues and organs of a patient with un- 
treated pernicious anaemia contained no vitamin 
B,.. In another pernicious anaemia patient who 
died at the commencement of treatment, the amount 
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of vitamin B,, recovered appeared to be greater than 
the amount given. The liver of this patient con- 
tained appreciable amounts of both pteroylglutamic 
acid and citrovorum factor. 
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for giving valuable advice. 
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Some Observations on the Hydrolysis and Extraction 
of Formaldehydogenic Corticosteroids 


By R. I. 8S. BAYLISS 
Department of Medicine, Presbyterian Medical Centre, Columbia University, 
New York City* 


(Received 22 November 1951) 


Of the methods recently reviewed by Dorfman 
(1950) and Callow (1950) for estimating urinary 
corticosteroids only a few have been generally 
adopted. In the bioassay procedure of Venning, 
Kazmin & Bell (1946) use is made of the ability of 
certain 11-oxysteroids to promote the deposition of 
glycogen in the liver of adrenalectomized mice. The 
chemical procedures are of two main types. The 
first depends on the reducing properties of steroids 
with a primary or secondary «-ketol group, or an 
aB-unsaturated 3-keto group or both. Talbot, 
Saltzman, Wixom & Wolfe (1945) used this property 
to reduce cupric ions, and Heard & Sobel (1946) 
phosphomolybdic acid. Since urine may contain 
a wide variety of reducing agents, the specificity of 
the assay depends upon the efficiency of the extrac- 
tion and the purification of the extract. The second 
chemical method depends upon the liberation of 
formaldehyde when steroids with a free terminal 
vicinal glycol or hydroxyketone group are oxidized 
with periodic acid (Lowenstein, Corcoran & Page, 

* Present address: Department of Medicine, Post- 
graduate Medical School, London, W. 12. 


1946; Daughaday, Jaffe & Williams, 1948; Cor- 
coran, Page & Dustan, 1950). The liberated formal- 
dehyde reacts with chromotropic acid to give a 
lavender colour. 

More recently, Zaffaroni, Burton & Keutman 
(1950) and Burton, Zaffaroni & Keutman (1951) 
have evolved a paper partition chromatographic 
procedure which permits separation of urinary 
corticoids into individual components. Such 
fractionation is an advance on the less specific 
methods, but unfortunately permits only semi- 
quantitative determinations. 

All these methods require the extraction of 
corticosteroids from urine. Hormones which are 
excreted in the free form as neutral lipid-soluble 
substances are readily extracted by organic sol- 
vents. Others, however, are excreted in water- 
soluble conjugated form as sulphates and glucu- 
ronides (Klyne, 1946; Klyne & Marrian, 1945; 
Lieberman & Dobriner, 1948) and these must be 
hydrolysed before extraction. In the method of 
Talbot et al. (1945) the urine is extracted without 
adjusting the pH, and the steroids obtained are 
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probably only those excreted in the free form. 
Heard & Sobel (1946) have found that the pH at 
which urine is extracted markedly influences the 
yields of both glycogen-depositing and total re- 
ducing substances. On acidification to pH 1 and 
immediate extraction the biological titre by 
Venning’s method was approximately twice that 
obtained on extracting a sample of the same urine at 
pH 7. Likewise the reducing power was greater with 
increasing hydrogen-ion concentration during ex- 
traction, the value at pH 2 being two to three times 
that at pH 7. Lieberman & Dobriner (1948) found 
that the yield of compounds possessing glycogen- 
depositing activity could be increased by hydrolysis 
at pH 1 at room temperature for 24 hr. By model 
experiments they showed that when sulphates of 
certain 17-ketosteroids were continuously extracted 
at room temperature for 24—48 hr. at pH. 1, the con- 
jugate was completely hydrolysed and the free 
steroid recovered quantitatively. 

That the optimum conditions for hydrolysis have 
not been fully considered is shown by the fact that 
Talbot et al. (1945) use extracts of unacidified urine; 
Lowenstein et al. (1946), Heard & Sobel (1946) and 
Daughaday et al. (1948) extract the urine immedi- 
ately after acidification, and Mason & Sprague 
(1948) allow the urine to stand at pH 1 for 1-3 days 
before extraction. None of these procedures, with 
the possible exception of the last, would be likely to 
hydrolyse sulphate or glucuronide conjugates. 

The hydrolysis of glucuronide conjugates has 
been achieved with £-glucuronidase prepared from 
either animal viscera (Fishman & Talalay, 1947) or 
Escherichia coli (Kinsella, Doisy & Glick, 1950). By 
this procedure the yield of formaldehydogenic 
steroids has been 5- to 20-fold greater than following 
acidification of urine (Corcoran et al. 1950; Cor- 
coran, Dustan & Page, 1951; Kinselia et al. 1950; 
Cox & Marrian, 1951). 

Marrian and his associates have recently reported 
their investigations on the conjugated adreno- 
cortical steroids in urine (Paterson, Cox & Marrian, 
1950; Paterson & Marrian, 1951; Cox & Marrian, 
1951). They have found two types. The first con- 
jugate was readily extractable with chloroform 
from acidified but not from neutral urine, and was 
rapidly hydrolysed at pH 1 to yield acid-labile 
steroid. The unhydrolysed conjugated compound 
could be recovered from the chloroform phase by 
extracting with aqueous sodium bicarbonate and 
could then be hydrolysed to the free compound in 
1—3 hr. at room temperature and pH 3-4. The free 
steroid was stable at this pH for at least 6 hr. but 
was slowly destroyed at pH 1. This conjugate was 
not a glucuronide because it could not be hydrolysed 
with £-glucuronidase. The second conjugate was not 
extracted by chloroform even from acidified urine 
but was slowly hydrolysed at pH 1. It was obtained 
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by extracting with n-butanol acidified urine which 
had previously been extracted with chloroform to 
remove free steroids and chloroform-soluble con- 
jugates. The butanol phase was found to contain 
a glucuronide conjugate of corticosteroids which 
could be removed with aqueous sodium hydroxide 
and hydrolysed with £-glucuronidase to yield 
formaldehydogenic steroid in amounts about ten 
times greater than could be obtained by hydrolysis 
for 24 hr. at pH 1 and 37°. 

In view of the present uncertainty as to the best 
method of hydrolysing urinary corticosteroids, 
studies were undertaken to define in what different 
conjugated forms the steroids were excreted, and to 
devise procedures which would ensure their hydro- 
lysis and permit extraction of the free compounds 
liberated. Unless such methods are used, it may be 
argued that the quantity of steroid obtained by 
extracting acidified or unacidified urine only repre- 
sents a proportion of the total excretion, and may 
not be a true reflexion of adrenocortical activity. 


METHODS 


Material. 24 hr. Urine specimens were collected without 
preservative from healthy males aged 25-35. In experiment 
(j) urine was obtained from three males suffering from 
rheumatic fever. 

Apparatus. Glassware was cleaned by soaking in a hot 
solution of detergent (‘Calgonite’ or ‘Haemosol’), washed 
in tap water and rinsed in distilled water. It was dried by 
draining at room temperature. The same apparatus was used 
throughout, and the dimensions of the vessels were the same 
at each stage of the procedure. 

Hydrolysis. Urine for acid hydrolysis was adjusted to 
pH 1 (thymol blue) with conc. HCl; that for extraction at 
neutral pH was adjusted to pH 7-4 (neutral red) with n-HCl 
or N-NaOH;; that for glucuronidase hydrolysis was adjusted 
to pH 4-5 (bromocresol green) with N-HCl. 

B-Glucuronidase was prepared from rabbit livers and 
spleens after the method of Fishman & Talalay (1947). The 
enzyme obtained after the second precipitation with 
(NH,),SO, was dissolved in the smallest possible volume of 
water and had an activity of 19000 Fishman units/ml. 
(1 unit liberates 1 yg. phenolphthalein in 1 hr. at 38° from 
phenolphthalein mono-f-glucuronide at pH 4-5 in 0-1m- 
acetate buffer, Talalay, Fishman & Huggins, 1946). The 
batch of enzyme concentrate was stored at below — 15°, and 
by repeated assay was found not to have lost any of its 
activity in9 months. Urine for glucuronidase hydrolysis was 
adjusted to pH 4-5 and 5 ml. of 1-0m-acetate buffer added 
per 100 ml. urine. 5000 units of enzyme were added to each 
100 ml. urine. It was found that doubling or trebling the 
amount of glucuronidase did not increase the yield. The 
effectiveness of smaller amounts of enzyme was not in- 
vestigated. The urine was incubated at 37-38° for 48 hr. 

Extraction. Throughout, 200 ml. samples of urine were 
assayed. The samples were extracted by hand three times 
with 50 ml. portions of redistilled A.R. CHCl, or ether. The 
solvent phase was washed twice with 50 ml. portions of 
5% (w/v) Na,CO, and with 50 ml. portions of water until 
neutral. The carbonate and water washings were each back 
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extracted with 25 ml. solvent. The solvent phase was dried 
over Na,SO,, filtered and evaporated to dryness under 
reduced pressure at 40°, 

Choice of solvent. Talbot et al. (1945) recommended the use 
of CHCl, for extracting neutral lipid-soluble steroids from 
urine. They found that CHCl, effected almost quantitative 
recovery, but ether proved less efficient and only 51 % of 11- 
dehydro-17-hydroxycorticosterone and 65% of 17-hydr- 
oxycorticosterone were recovered when 0-2 mg. of either of 
these steroids was dissolved in 50 ml. water and shaken for 
3 min. with an equal volume of solvent. Heard & Sobel 
(1946), by trial extractions of 11-deoxycorticosterone from 
water and urine, found that three extractions with ether 
alone recovered 80%, whereas an ether-CHCl, mixture 
(4:1) gave almost quantitative recovery. There seems little 
doubt that these steroids are more soluble in CHCl, than in 
ether, but the difference is not so great as to preclude the use 
of ether if it has other advantages. Emulsion formation is 
often excessive when extracting glucuronidase-hydrolysed 
urine with chloroform owing to the proteinous nature of the 
enzyme. This difficulty is considerably reduced with ether, 
which was mainly used in these experiments. As shown in 
Table 1, the yield of formaldehydogenic substances from two 
samples of the same urine does not differ significantly when 
the extraction is made with chloroform or with ether. 


Table 1. Comparison between the yield of FS when 
samples of urine are extracted with ether and with 





chloroform 
FS (mg. compound 
E/24 hr.) 
eam 
Extracted Extracted 
Urine no. Hydrolysis with ether with CHCl, 
I pH 1 and immediate 1-6 1-5 
extraction 
iy Extracted at pH 7-4 0-7 0-8 
Ill pH 1 and immediate 1-9 1-9 
extraction 
IV __B-Glucuronidase 4-5 4-9 
: B-Glucuronidase 19-4 18-5 
VI __—‘B-Glucuronidase 12-0 8-6* 


* Bad emulsion formation. 


Chemical method. The urinary extracts were dissolved in 
10 ml. of 10% (v/v) ethanol, and 6 ml. transferred to a 
30 ml. distilling flask. (When amounts of formaldehydo- 
genic steroid greater than 4 mg./24 hr. were encountered, 
the extracts were diluted with larger volumes of ethanol. 
Smaller volumes were used when less than 1 mg./24 hr. was 
expected.) A reagent blank of 6ml. 10% ethanol and 
standards of 11-dehydro-17-hydroxycorticosterone (com- 
pound E) in 6 ml. 10% ethanol were run concurrently in 
distilling flasks of the same dimensions. Oxidation with 
periodic acid, removal of excess oxidant with SnCl,, the 
distillation of formaldehyde and the colour reaction with 
chromotropic acid were carried out as described by 
Daughaday et al. (1948). With the reagent blank set at 100% 
transmission, the unknowns and standards were read in a 
Coleman ‘Universal’ spectrophotometer at 550 my. The 
formaldehyde liberated from 100 ug. compound E gave an 
optical density of 0-241 with minor variations from day to 
day. All results are expressed as mg. of compound E 
excreted in 24 hr. 
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Controls obtained by extracting 200 ml. water with 
CHCl, and with ether gave a colour equivalent to 11 and 
9 wg. respectively of compound E. These would have affected 
the values for a 24 hr. urine specimen of 1400 ml. by 0-08 
and 0-06 mg. When 200 ml. water, buffered with 10 ml. 
1-Om-acetate buffer and containing 10000 units of glu- 
curonidase concentrate, was incubated for 48 hr. and then 
extracted with CHCl, or ether, values of 27 and 20yg. 
compound E wer? obtained. These would have affected the 
values for a 24 hr. urine specimen by 0-19 and 0-14 mg. 
No corrections have been made for these controls. 


RESULTS 


(a) Formaldehydogenic substances extracted at pH 7-4 
compared with those extracted immediately after 
acidification to pH 1 
One sample of each urine specimen was extracted 

at pH 7-4, and another sample after acidification 

to pH 1. In most instances acidification increased 
the yield of formaldehydogenic substances (FS) 

(Table 2). 


Table 2. Comparison between the yield of F'S ob- 
tained after extraction at pH 7-4 and after extraction 
immediately following acidification to pH 1 

FS (mg. compound E/24 hr.) 


Extracted 


immediately after 
Extracted acidification 
Urine no. at pH 7-4 to pH 1 
I 0-5 1-5 
II 0-8 1-5 
III 1-3 1-9 
IV 2-7 2-8 
V 1-2 5-4 
VI 0-3 0-8 


Comment. Similar observations have been made 
by Heard & Sobel (1946) and by Paterson e¢ al. 
(1950). Acidification may increase the yield by 
(a) causing more complete extraction of the free 
steroids, (b) permitting extraction of a conjugated 
steroid, or (c) by hydrolysing a steroid conjugate 
and then allowing extraction of the free compound 
liberated. The observations of Paterson & Marrian 
(1951) suggest that some, if not all, of the increase is 
due to the rapid hydrolysis at pH 1 of a conjugated 
compound, which, however, in the conjugated form 
is also extracted by chloroform from acidified urine 


(see Exp. c). 


(b) FS extracted first at pH 7-4 and then at pH 1 
compared with F'S extracted at pH 1 only 


The quantity of FS obtained from a urinary 
sample first extracted at pH 7-4 and then extracted 
again immediately after acidification was compared 
with the yield when another sample was extracted 
only after acidification (Table 3). A greater yield 


v 
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was not obtained by the double extraction pro- 
cedure. In the first two specimens (urines ITI and 
IV) the increment of F'S obtained after acidification 
was not large relative to the amount extracted at 
neutral pH, whereas in the third specimen (urine VI) 


Table 3. FS obtained from urinary samples first 
extracted at pH 7-4 and then re-extracted at pH 1 
compared with F'S obtained from samples extracted 


only pe. FS (mg. compound E/2é4 hr.) 


jo a a neg 
Urine Urine Urine 
It IV Vi 
Extracted at pH 7-4 1:3 2-7 0-3 
Re-extracted immediately 0-4 0-3 0-4 
after acidification to pH 1 
Total 1-7 3-0 0-7 
Extracted only at pH 1 1-9 2-8 0-8 


0-3 mg. was obtained at pH 7-4 and 0-4 mg. after 
acid hydrolysis. This experiment also shows that no 
destruction of the free steroids present in neutral 
urine is detectable when the urine is acidified to 
pH 1 and extracted immediately. 


(c) The role of chloroform-soluble conjugates in in- 
creasing the yield of FS from acidified urine 

In Exp. (a) it was found that acidification of 
urine followed by immediate extraction increased 
the yield of FS. It was suggested that this increase 
may be due to the rapid hydrolysis of a conjugated 
compound such as the chloroform-soluble conjugate 
described by Paterson & Marrian (1951). However 
Heard & Sobel (1946) and Paterson et al. (1950) 
have shown that in some instances no increase is 
obtained if the acidified urine is neutralized before 
it is extracted. The latter authors suggested that the 
explanation for this was that the chloroform- 
soluble conjugate could not be extracted from 
neutral urine. It was only extractable from acidi- 
fied urine and the conjugate could be recovered 
from the chloroform phase by extracting with 
aqueous sodium bicarbonate. It could then be 
hydrolysed to the free compound in 1-3 hr. at room 
temperature and pH 3-4. 

The following experiment was done to determine 
how much of the chloroform-soluble conjugate, 
after it had been subjected to acid hydrolysis, 
could be recovered in the conjugated form from the 
chloroform phase. A sample of urine was extracted 
with chloroform at pH 7-4 and then acidified to 
pH 1 and extracted with chloroform again. The 
alkali washings from the second extraction pro- 
cedure were freed of organic solvent by bubbling 
nitrogen through, adjusted to pH 4-5 and buffered 
with 1-0mM-acetate buffer. One half of the washings 
was incubated with £-glucuronidase; the other half 
was incubated without enzyme. After 24 hr. the 
alkali washings were extracted with chloroform and 
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the amount of #'S determined. Another sample of 
the same urine was extracted immediately after 
acidification to pH 1. The results (Table 4) indicate 
that acidification increased the yield of F'S 0-4 mg. 
above the amount obtained from urine extracted at 
pH 7-4. Despite this increase the alkali washings 
contained 0-3 mg. when hydrolysed without f- 
glucuronidase and 0-4 mg. when hydrolysed with 
the enzyme. 


Table 4. Effect of acid on the hydrolysis of chloroform- 
soluble conjugates, and their subsequent recovery 


from alkali washings FS (mg. compound 


First sample: E/24 hr.) 
(a) Extracted at pH 7-4 1-3 
(5) Extracted again immediately 0-4 

after acidification to pH 1 
Total 1-7 
Extraction of the alkali 
washings obtained during 
procedure (b) 
Hydrolysed with B-glucuro- 0-4 
nidase 
Hydrolysed without enzyme 0-3 


Second sample: 
Extracted immediately after 1-9 
acidification to pH 1 


Comment. If the increased yield after acidifica- 
tion is due to the hydrolysis of a chloroform- 
soluble conjugate or conjugates, this hydrolysis 
only affected.a proportion of the conjugate, the 
remainder passing into the alkali washings. The 
amount of FS in the alkali washings was approxi- 
mately the same whether the washings were hydro- 
lysed with or without f-glucuronidase. It is not 
possible to say, therefore, whether the conjugate 
was a glucuronide or not. 


(d) The solubility of the chloroform-soluble conjugate 

in ether 

Two samples of urine were acidified to pH 1. One 
was extracted immediately with ether, the other 
with chloroform. The alkali washings of the ether 
and chloroform extracts were separately adjusted 
to pH 4-5, buffered with 1-0mM-acetate buffer and 
incubated for 24 hr. at 37°. The alkali washings 
were then extracted with chloroform. The ether and 
chloroform extracts each contained 1-9 mg. of FS. 
The alkali washings of the ether extract contained 
0-2 mg. and those of the chloroform extract 0-3 mg. 
(Table 5). This suggests that the chloroform- 
soluble conjugate is also soluble in ether. 


(e) The effect of acid on FS 


To determine whether FS are acid-labile a 
sample of urine was extracted with ether immedi- 
ately after acidification to pH 1. The ether phase 
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was washed with sodium carbonate and water and 
then divided into two halves. One half was taken to 
dryness under reduced pressure and the residue 
dissolved in 20 ml. 10 % (v/v) ethanol. The ethanolic 
solution was adjusted to pH 1 with hydrochloric 
acid and allowed to stand at room temperature for 
24 hr. before being extracted with chloroform. The 
other half was treated similarly except that the 


Table 5. Comparison between the solubility of the 
chloroform-soluble conjugate in chloroform and in 


ether 
FS (mg. compound 
E/24 hr.) 


ae 
Ether CHCl, 
extract extract 
Urine extracted immediately after 1-9 1-9 
acidification to pH 1 
Alkali washings incubated at 0-2 0-3 
pH 4-5 and then extracted with 
CHCl, 


ethanolic solution was not acidified. The amount of 
F'S in the acid-treated sample was 0-4 mg. and in the 
unacidified sample 1-3 mg. A repetition of this 
experiment with another urine specimen gave 
0-2 mg. for the acidified solution and 0-6 mg. for the 
unacidified solution. These observations indicate 
that certain FS extractable from urine are acid- 
labile. 


(f) The effect of prolonged standing in acid on the 

yield of F'S 

The destructive action of acid on F'S was studied 
by acidifying two specimens of urine to pH 1 and 
then extracting with chloroform samples of each 
immediately, and 4, 12 and 24 hr. after acidification 
(Table 6). The decreasing yield which occurs as the 
period of standing in acid is lengthened confirms 
that prolonged standing at pH 1 destroys certain 
FS. 

Table 6. Effect of prolonging the acid 
treatment on the yield of FS 


Time after FS (mg. compound E/24 hr.) 


acidification ————rw«XS 
(hr.) Urine II Urine III 
Immediate 1-5 1-9 
4 1-4 1-7 
12 0-8 1-0 
24 0-4 0-3 


Comment. Genest (1951) has also found that pro- 
longed standing in acid caused a decreased yield. 
On the other hand, Paterson et al. (1950) observed 
that although the yield of /S was reduced when 
urine was extracted 4 hr. after acidification, it rose 
again when the extraction was performed 12 or 
24 hr. later. This increase was attributed to the slow 
hydrolysis of a conjugated compound. 
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The following experiments provide further data 
on the effect of prolonged acidification which, in this 
work, had reduced the yield of F'S and in the hands 
of Cox & Marrian (1951), had increased it. Samples 
of urine were acidified to pH 1. One was allowed to 
stand at room temperature for 24 hr. before ex- 
traction ; the other was extracted immediately after 
acidification and again 24 hr. later (Table 7). When 


Table 7. Action of acid in destroying free compounds 
and slowly hydrolysing a conjugated compound 


FS (mg. compound E/24 hr.) 


aoa 





<= ee 
Urine Urine Urine Urine 
First sample: I Ii Vil IX 
Extracted immediately 1-5 1-9 4-6 2-7 
aiter acidification 
Re-extracted after 24hr. 0-5 0-3 0-6 1-3 


Total 2-0 2-3 5-2 4-0 
Second sample: 

Extracted 24 hr. after 0-4 0-3 2-7 2-3 
acidification 


the urine was extracted immediately after acidifica- 
tion, a further increment was obtained when the 
extraction was repeated 24 hr. later. This suggests 
that prolonged acidification causes slow hydrolysis 
of a conjugated compound. On the other hand, the 
yield of F'S was less when the urine was extracted 
after 24 hr. hydrolysis at pH 1 than when it was 
extracted immediately after acid fication and again 
24 hr. later. 

Comment. The yield of F'S after acidification and 
extraction 24 hr. later represents the balance 
between those free compounds remaining after 
partial destruction and those which have been 
liberated from a conjugated form. The proportion 
destroyed varies from one urine to another. In 
urine I, for example, immediate extraction after 
acidification gave 1-5mg. Repeated extraction 
24 hr. later gave 0-5 mg. which does not differ from 
the value (0-4 mg.) obtained when another sample 
was allowed to stand for 24 hr. at pH. 1 before being 
extracted. In this instance it would seem that most 
of the free substances and those liberated from the 
chloroform-soluble conjugate, which amounted to 
1-5 mg., were acid-labile and destroyed by pro- 
longed acidification. The same holds for urine IIT. 
On the other hand, in urines VII and IX, there was 
less destruction of the free substances because the 
values obtained when the urine was extracted after 
standing at pH 1 for 24hr. (2-7 and 2-3 mg. re- 
spectively) were greater than those when other 
samples were extracted for the second time (0-6 and 
1-3 mg. respectively). It will also be seen that the 
proportion of free compounds, excreted as such or 
hydrolysed from the chloroform-soluble conjugate, 
to that conjugated compound, which isslowly hydro- 
lysed at pH 1, varies from one urine to another. 
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(g) Further observations on the action of acid in hydro- 
lysing conjugates 


A sample of urine was acidified and extracted 
immediately, yielding 1-5 mg. FS. The same sample 
was allowed to stand at room temperature and pH 1 
for 24 hr. when it yielded another 0-5 mg. After a 
further 24 hr. it was extracted again and then gave 
0-3 mg. Finally the same sample was hydrolysed 
with B-glucuronidase and 4-1 mg. obtained. 

In another experiment a sample of urine was 
extracted at pH 7-4 (2-0 mg.) and again immediately 
after acidification (0-4mg.). 4hr. later, after 
standing at room temperature and pH 1, it was ex- 
tracted again (0-5 mg.). 24 hr. after acidification, 
extraction of the same sample yielded 1-2 mg. 
Finally, the sample was hydrolysed with B-glucu- 
ronidase and yielded 18-5 mg. 

Comment. These experiments provide further 
evidence that prolonged treatment with acid causes 
slow hydrolysis of a conjugated compound—in the 
first instance yielding 0-8 mg. and in the second 
1-7 mg. Even then the urines contained 4-1 and 
18-5 mg. respectively of F'S conjugated with glucu- 
ronide. 


(h) Action of B-glucuronidase on the yield of FS 


To confirm that hydrolysis with B-glucuronidase 
increases the yield of FS, samples of urine were 
adjusted to pH 4-5 and buffered. The enzyme pre- 
paration was added to one sample; another sample 
acted asacontrol. After incubation at 38° for 48 hr. 
both were extracted without altering the hydrogen- 
ion concentration. The results (Table 8) indicate 
that £-glucuronidase hydrolysis causes a consider- 
able increase in the yield of FS. 


Table 8. Effect of B-glucuronidase 
hydrolysis on the yield of FS 


FS (mg. compound E/24 hr.) 





Z = ~ 
B-Glucuronidase Control 
hydrolysis at hydrolysis at 
Urine no. pH 4:5 pH 4:5 
X 4-1 1-4 
XI 12-6 1-5 
XII 9-3 1-8 


(i) The effect of acid on F'S liberated from glucuronide 
conjugation 


The following experiments were designed to 
determine whether the free substances liberated 
from glucuronide conjugation were acid-labile. Two 
samples of urine were hydrolysed with £-glucuroni- 
dase. After incubation one was extracted at 
pH 4-5; the other was acidified to pH 1 before 
extraction (Table 9). In two instances acidification 
caused a slight reduction in the yield of F'S and ina 
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third instance the reduction was more marked. Thus 
acidification appears to cause some destruction of 
the liberated compound. No observations were 
made to determine whether prolonged acidification 
caused a greater degree of destruction. 


Table 9. Effect of acid on free compounds 
liberated from glucuronide conjugation 


FS (mg. compound E/24 hr.) 
Urine hydrolysed with B-glucuronidase 


inst Sie ae 
Extracted at Extracted at 


Urine no. pH 4-5 pH 1 
X 4-1 1-7 
XI 12-6 10-4 
XII 9-3 8-1 


(7) Comparison between the yields of F'S after acid and 
B-glucuronidase hydrolysis 


One sample of urine was hydrolysed at pH 1 for 
24 hr. Another was hydrolysed with f-glucuroni- 
dase, and after incubation the urine was made pH 1 
immediately before extraction. The yield of FS 
after enzymic hydrolysis was always greater than 
that obtained after acid hydrolysis (Table 10). 


Table 10. Comparison between the yield of F'S ob- 
tained after B-glucuronidase and pH 1 hydrolysis 


(Samples (c), (d), (e), etc., are different 24 hr. samples 
from the same individual.) 


FS (mg. compound E/24 hr.) 


le 


ate 
pH 1 B-Glucu- 
hydrolysis ronidase 
for 24 hr. hydrolysis Ratio 

Urines (a) (d) (b/a) 
J.H. (c) 3-1 12-6 4 

(d) 1-0 3-9 3-9 

(e) 2-6 15-0 5-8 

(f) 2-4 19-5 8-1 

(9) 1-9 93 4-9 

(z) 1-2 15-4 12-8 
V.C. (a) 0-8 2-1 2-5 

(b) 0-5 13-6 27-2 

(c) 0-8 9-7 12-1 

(d) 2-4 15-7 6-5 
E.E. (a) 2-5 19-5 7-8 

(b) 0-8 11-5 14-4 

(c) 1-0 9-1 9-1 

(h) 0-7 5-8 8-3 

(i) 1-6 31 1-9 


There were wide fluctuations in the quantities of F'S 
liberated by £-glucuronidase, and, although in 
general they tended to rise and fall in parallel with 
the values obtained after acid hydrolysis, there 
does not appear to be any relationship between the 
amount of steroid excreted as glucuronide and the 
amount obtained after acid hydrolysis. 
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DISCUSSION 


Assuming that the formaldehydogenic substances 
measured by the method used are in fact formalde- 
hydogenic steroids, the findings reported here and 
the observations of Heard & Sobel (1946) and of 
Marrian and his colleagues emphasize that corti- 
costeroids are excreted in the urine in the following 
forms: (1) As free compounds which can be ex- 
tracted from urine at pH 7-4. Some of these free 
compounds may be destroyed on prolonged contact 
with acid, but acidification to pH 1 followed by 
immediate extraction does not cause any significant 
loss. (2) As chloroform- or ether-soluble conjugates, 
some of which appear to be rapidly hydrolysed by 
acid to liberate a free acid-labile compound. 
Others, however, are not so rapidly hydrolysed by 
acid; they pass from acidified urine into the chloro- 
form or ether phase whence they are extracted by 
alkali and can be hydrolysed at room temperature or 
37° at pH 3-4-5. (3) As a conjugate which is slowly 
hydrolysed at room temperature and pH 1. (4) As 
a conjugate with glucuronide, which can be hydro- 
lysed with §-glucuronidase. The free compounds 
liberated appear to be acid-labile. The proportion 
of these different forms appears to vary from person 
to person and in the same person from day to day. 

The current methods of hydrolysis are clearly 
inadequate. If the urine is extracted immediately 
after acidification to pH 1, only free steroids and 
those rapidly hydrolysed from the chloroform- 
soluble conjugate will be obtained. If the urine is 
extracted 24 hr. after acidification free steroid will 
be obtained from that conjugate which is slowly 
hydrolysed at pH 1 and room temperature, but 
there will be a greater or lesser destruction of those 
steroids which are extractable immediately after 
acidification but are acid-labile. In neither case will 
there be effective hydrolysis of the glucuronide con- 
jugates. A true index of adrenocortical function 
may not be given unless all the different excretory 
products are extracted and the total steroid output 
determined. Acidification is an essential step in 
hydrolysing those conjugates which rapidly yield 
a free compound. Since these free compounds, and 
also those initially excreted as such, are acid-labile, 
acidification must be followed by immediate ex- 
traction. Other conjugates are hydrolysed more 
slowly and so the urine must be extracted again after 
prolonged acidification. Hydrolysis with B-glucu- 
ronidase also appears essential, and since the en- 
zyme may be inactivated by small amounts of 
organic solvent it is more practical to carry out the 
enzymic hydrolysis before the acid hydrolysis. It is 
tentatively suggested that the following procedure 
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may extract the corticosteroids and their conjugated 
compounds which have so far been recognized as 
being present in urine: 

(a) A suitable sample of urine is brought to pH 4-5 
and buffered with 1-0mM-acetate buffer. $-Glucu- 
ronidase is added and the urine incubated for 48 hr. 
The enzyme will hydrolyse the glucuronide con- 
jugates, and in addition the pH and temperature 
may also hydrolyse some of the chloroform-soluble 
conjugates. 

(6) The urine is then extracted without altering 
the pH from 4-5. This will remove steroids excreted 
initially in the free form and those liberated from 
glucuronide conjugation. It will also extract any 
free steroid liberated from the chloroform-soluble 
conjugates. 

(c) The urine is adjusted to pH 1 and extracted 
immediately. This will remove that moiety which it 
has been shown is extractable immediately after 
acidification and which may arise from the rapid 
hydrolysis of any remaining chloroform-soluble 
conjugates. 

(d) The urine is left at room temperature and 
pH 1 for 24 hr. before it is finally extracted. This 
will liberate free compounds from conjugates which 
are slowly hydrolysed by acid. 

Preliminary trials using this technique have 
yielded 15-30mg. formaldehydogenic steroid/24hr., 
the largest moiety always being liberated from 
glucuronide conjugation. All the steroid obtained 
by f-glucuronidase hydrolysis would not necessarily 
be expected to be biologically active, and Venning 
(1951) has found that whereas glucuronidase 
hydrolysis may increase the yield of formalde- 
hydogenic substances tenfold, the yield of glyco- 
gen-depositing steroids is only increased fivefold. 


SUMMARY 


1. Experimental data are presented which 
suggest that formaldehydogenic substances (FS, 
assumed to be corticosteroids) are excreted in urine 
as (a) free compounds, (b) in conjugation with 
glucuronic acid and (c) as at least two other con- 
jugates. 

2. Methods for hydrolysing the conjugates and 


extracting the free compounds are described. 
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Sutherland & Cori (1948) have reported that a 
sample of insulin manufactured by the Eli Lilly 
Research Laboratories contained a glycogenolytic 
factor, whereas a sample prepared by the Novo 
Terapeutisk Laboratorium A/S contained none. 
Later work (Sutherland & Duve, 1948) has shown 
that the factor is secreted by the pancreas, probably 
by the « cells, and Sutherland & Cori have suggested 
that the factor is responsible for the initial hyper- 
glycaemia which may follow an intravenous in- 
jection of insulin. The variations in this initial 
hyperglycaemia reported by different authors, e.g. 
Burger & Kramer (1930), suggest that the amount of 
factor associated with different insulin samples may 
vary. Anassay of glycogenolytic-factor content has 
been carried out on some insulin samples available 
in this laboratory and has shown that the amount 
does vary considerably, both in samples prepared by 
different manufacturers and in samples from the 
same firm. 

The test system was based on that described by 
Sutherland & Cori (1948) and Sutherland & Duve 
(1948), where activity was estimated from the in- 
creased rate of production of glucose by liver slices, 
incubated in buffered saline, caused by the addition 
of the factor. The experimental procedure is de- 





scribed somewhat fully, as satisfactory results were 
only obtained when it was followed in detail. Two 
methods of assay were used. The first, or single- 
dose, method gives an approximate estimate of 
activity after testing at one concentration; the 
second, or multiple-dose, method requires testing of 
samples at several concentrations and gives a more 
accurate assessment of relative potency. 


EXPERIMENTAL 


The test system 


Reference standard. A sample of insulin containing the 
factor (Eli Lilly, no. 987267) was used as the reference 
standard for comparison of glycogenolytic-factor content. 

Insulin samples. Samples, prepared by a number of 
manufacturers from the pancreas of ox, calf, sheep and pig, 
were given to us for assay by Prof. F. G. Young and Dr A. C. 
Chibnall. 

Choice of animal. In preliminary experiments, liver slices 
from several animals were tested with the reference 
standard used at a concentration of 53 ug./ml., which was 
sufficient to give a maximum response with rabbit and rat 
liver (Table 1). While it would be an advantage to select an 
animal such as the cat, whose liver gives both a large basic 
output of glucose and a large response to the factor (especi- 
ally when testing at concentrations of factor giving a sub- 
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maximal response), for routine testing a more readily 
available animal must be chosen and rabbits were used for 
all the assays reported here. The best results were obtained 
with liver from young (2-3 months) rabbits fed carrots, in 
addition to the stock pellet diet, for several days prior to use. 
Rabbits infected with coccidiosis were generally unsatis- 
factory and were not used except in very mild cases. 


Table 1. Species variation in response 
of liver slices to glycogenolytic factor 

test slices in 
(53 wg./ml.). 


(Control liver slices incubated in saline, 
saline containing the reference standard 
Incubation at 37° for 30 min.) 

Mean glucose output 
(mg./g. liver) 


No. of ————_—___A—______ 

livers Control Test 

Animal tested slices slices 
Guinea pig 3 56 6-6 
Rat (hooded) 5 6-3 9-0 
Rat (Wistar) 2 11-6 15-8 
Rabbit 110 7-0 12-0 
Ferret 2 15-1 20-6 
Cat (adult) 1 23-1 31-1 
Kitten 3 15-9 24-9 


After the bulk of the assays had been completed a few 
experiments were carried out using Wistar rats, the results 
of which are included in Table 1. Liver slices from this strain 
produced more glucose than those from the hooded rats 
used in the preliminary experiments and it is possible that 
liver from these animals might provide a more consistent 
test system than rabbit liver, as more uniform animals 
would be available. 

Incubation medium. Phosphate-saline, as recommended 
by Sutherland & Cori (1948), was used for incubation of the 
slices; it was prepared by diluting 1 vol. 0-1m-sodium 
phosphate buffer (pH 7-4) with 4 vol. 0-:9% (w/v) NaCl. 
Media containing the reference standard or the insulin 
samples to be tested were prepared immediately before use. 
The insulin was dissolved in 0-0033N-HCl (0-5 ml./mg. 
insulin) and the solution was diluted with phosphate-saline 
to give the required concentration. 

Preparation of liver slices. The rabbits were anaesthetized 
by injection of Nembutal and bled from the aorta. The liver 
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was removed and chilled immediately by placing for 
3-5 min. in ice-cold phosphate-saline. A small block of liver 
was cut into slices, 0-3-0-6 mm. thick and weighing about 
200 mg., by means of a tissue slicer (Stadie & Riggs, 1944). 
The slices were placed on a chilled Petri dish and covered 
with a moist filter paper. Each slice was cut into several 
portions, not varying in weight by more than a few mg.; the 
portions were weighed on a torsion balance and dropped into 
3 ml. chilled phosphate-saline, with or without insulin (see 
below), in 25 ml. conical flasks. (In early experiments test 
tubes were used, but the slices did not shake adequately in 
the medium.) 

Incubation. The flasks were shaken at 110 oscillations/min. 
in a water bath at 37°. For the single-dose assays and most of 
the multiple-dose assays a 30 min. period was used, based on 
Sutherland & Cori’s (1948) results for rat liver. Later it was 
found that in our conditions 60 min. incubation gave better 
results both for rabbit and rat (Wistar) liver and this period 
was used for one of the assays carried out by the multiple- 
dose method. 

Glucose estimation. At the end of the incubation period the 
flasks were removed from the bath and cooled in ice. 
Portions of medium (2 ml.) were removed, deproteinized by 
addition of 1 ml. each of 0-3 N-Ba(OH) and 5 % (w/v) ZnSO,, 
and glucose estimated by Somogyi’s (1945) modification of 
the method of Nelson (1944). 


Single-dose assay method 


The concentration of reference standard, 53 yg./ml., was 
chosen to give a maximum response in the test system. 
Insulin samples were first assayed at the same concentration 
and those samples which showed little or no activity were 
retested at higher concentrations. No samples tested 
showed a higher activity than the reference insulin. In 
early experiments, liver slices were cut in two portions, one 
being used to determine the basic rate of glucose output (@), 
the other for the rate of glucose output in the presence of the 
standard (S) or of the sample (7’). The percentage increase 
in glucose output was calculated for each slice, 

100(S (or T) — @)/G, 


and the activity of the sample was expressed as 100 times the 
ratio of the mean percentage increase for the sample ‘o that 
for the standard. In later experiments, liver slices were cut 
into three or four portions and the rates of glucose output 


Table 2. Glycogenolytic-factor content of insulin sample B1 assayed 
by the single-dose method on several rabbits 


(For experimental details, see ‘single-dose assay method’.) 


Increase in glucose output over control (%) 


ie idual slices 


-- --— Activity 
Mean for onah: rabbit of sample 





Rabbit -— — ~ ", A (Reference 
no. Standard Sample Standard Sample standard = 100) 
15 95, 83, 64, 64 42, 40, 27, 21 77 33 43 
17 63, 73, 77, 84 12, 30, 38, 19 74 25 34 
20 138, 151, 152, 30, 39, 71 188 47 25 

217, 282 
21 72, 75, 83, 56, 26, 22, 10, 24 79 28 35 
22 94, 107, 130° 65, 25, 32, 25 110 37 34 
24 47, 89, 94, 71 6, 4, 29, 10 75 12 16 
26 59, 45, 33, 31, 48 a 27, 15 5, 35 43 24 56 
27 70, 30, 75, 72, 40 12, 33, 19, 37 57 25 44 


Mean 36 





4 


both under basal conditions and in presence of the standard 
and sample (or samples) determined on portions of the same 
slice. 

In our experience variation between rabbits is such that 
several animals should be used to obtain a reasonable 
assessment of activity. Possibly if an adequate number of 
rabbits from the same strain had been available, variation 
would have been less. The activity reported is the mean for 
all the rabbits used. Results on one sample (Table 2) 
illustrate the range of variation for slices both from the same 
and different animals. 

Table 3. Glycogenolytic-factor content 
of insulin samples 


B, Boots Pure Drug Co. Ltd.; 
BW, Burroughs Wellcome Ltd.; K, Kry; N, Novo Tera- 
peutisk Laboratorium A/S, Denmark; AH, Allen and 
Hanburys Ltd.; BDH, British Drug Houses Ltd.; BP, 
Blatherwick Process; X, manufacturer unknown. Manu- 
facturers identification number, when known, shown in 
parenthesis.) 


(Abbreviations used: 


Single-dose method 





—-. aon, 
No. of Activity 
livers (Reference 
used for standard 
Sample no. Species assay = 100) 

Bl 8 36 
B2 | Ox 6 8 
as (4840) a 3 52 
(4840) 5 74 
BS > Calf 2 29 
B6 Sheep 1 26 
B7 (3091) Sheep 1 45 
BS Pig 2 15 
B9 Pig 2 18 
B10 Unknown + 0 
Xx Pig 2 94 
BP ) 9 55 
BW 1 (9726) ; Unknown 2 5 
BW 2 (9615)) 4 55 
AH (2039) Sheep 2 21 
BDH (2065) Pig 4 19 
Kl Ox 10 64 
K2 Pig 10 12 
N1 Unknown 5 25 
N2 Ox 2 5 
N3 Calf 1 9 
N4 Sheep 1 2 
N5 Pig 2 1 


Multiple-dose assay method 


A number of samples and the standard were tested at four 
concentrations which were in geometrical progression. 
Pilot experiments were carried out to find the approximate 
activity of each sample, and concentration levels were 
chosen so that the responses of the standard and test 
samples were approximately the same at each of the four 
levels. In each experiment eight liver slices from the same 
rabbit were cut into three portions, a control portion being 
incubated in phosphate-saline without addition, while the 
other two were incubated in phosphate-saline containing 
either the standard or one of the samples under test at two 
concentrations. The design as a whole was a randomized 
block type, each slice being used for testing one sample at 
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two concentrations. The logarithms of the relative potencies 
of the samples were calculated from the regressions of the 
responses on the logarithms of the concentrations. 


RESULTS 


Twenty-three samples of insulin were tested by the 
single-dose method (Table 3) at a concentration of 
53 pg./ml., the same as that used for the standard. 
Eight which gave low values were retested at higher 
concentrations (Table 4); of these four proved to 
contain no glycogenolytic factor. 


Table 4. Glycogenolytic-factor content of insulin 
samples tested at high concentrations 


(Single-dose assay method. 30 min. incubation at 37°. 


Number of observations shown in parenthesis.) 


Increase of glucose output over control 
(mg. glucose/ /g. liver) 





Sample Standard Sample 
no. (53 pg./ml.) (200 yg./ml.) 
| 0 (2 
=. 4-08 (2) 186 7 
B2 0-06 (1) 
N5 4-48 (3) 0 (2) 
BW1 4-50 (3) 1-74 (1) 
B10 3-55 (10) 0-43 (6) 
K2 3°56 (4) 0-40* (4) 


* Sample K2 tested at 105 yg./ml. 


Eleven of the samples were also assayed by the 
multiple-dose method, three simultaneously with 
the standard, in assay A, the others in a series of 
separate assays (C) against the standard (Table 5). 

In assay A, the standard was assayed at 2, 4, 8 
and 16 yg./ml. samples B5 and N 1 at 20, 40, 80 and 
160 yg./ml., and sample X at 3, 6, 12 and 24 yg./ml. 
Four experiments were carried out; in any one 
experiment each sample and the standard were 
tested at the lowest and highest concentrations on 
portions of one liver slice and at the two inter- 
mediate concentrations on portions of another slice. 
In this assay the slopes of the regression lines for all 
the samples and for the standard were not signific- 
antly different so that it is permissible to use the 
overall slope for calculation of relative potency. 

The remaining samples (series C) were assayed 
during the development of this method. Statistical 
analysis of the results showed that the experiments 
only permitted the assay of each sample against the 
standard. However, the experiments treated in this 
way were well balanced, as each sample was tested 
simultaneously with the reference standard, at 
several concentrations, on liver slices from the same 
rabbit, and the results (except for one sample where 
the slope of the regression line was significantly 
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Table 5. Relative glycogenolytic-factor potencies of insulin samples assayed by the multiple-dose method 


(For explanation of sample numbers see Table 3.) 





Assay A Assay C 
ae as ' és i a cs ge en 
Relative Relative 
Log, relative Standard potency Log,» relative Standard potency 
potency error of M (standard = 1) potency error of M (standard = 1) 
Sample (M) (oy) (10) (M) (ox) (1044) 
Bl - — — — 1-0509 0-1723 0-09 
B2 _— — _— — 4-4946 3-6592 0-003 
B3 ~ — — — 0-6777 0-1141 0-21 
B4 as —_ — 0-0139 0-0976 1-03 
B4 — — _— — 0-0293 0-1641 0-94 
B5 — 1-2005 0-0632 0-06 — _ 
B7 = = = — 1-0091 0-5921 0-10 
B9 — — - — 1-9392 0-8844 0-01 
Xx — 0-3944 0-0632 0-40 — — — 
BP — — — — 0-7331 0-1943 0-18 
Kl — — — — 0-6825 0-1721 0-21 
Nl — 1-3630 0-0632 0-04 — — ~ 


different from that of the standard) are included 
in Table 5. One sample, B4, was assayed twice 
in this series of experiments and also in assay B 
(see below). 

The multiple-dose assay method was also used 
(assay B) for testing insulin sample B4 and some 
fractions prepared from it by Dr G. R. Tristram. As 
the results give a further example of the use of the 
method they are reported in Table 6. 


Table 6. Assay of insulin sample B4, and of six 
fractions prepared from it, for glycogenolytic factor 
by the multiple-dose method 


Log relative Standard Relative 
Fraction potency error of M potency 
no. (M) (oy) (10%) 
1 — 0-6800 0-1234 0-21 
2 — 0-6344 0-1164 0-23 
é — 2-2611 0-1415 0-005 
4 — 0-4265 0-1156 0-37 
5 — 15103 0-1135 0-03 
6 — 0-1992 0-1013 0-63 
B4 — 0-1262 0-1007 0-75 


The statistical treatment of these assays is further 
considered by Mr N. W. Please in an Appendix to 
this paper. In assay C, another three fractions 
prepared by Dr G. R. Tristram (not shown in 
Tables 5 or 6) were tested, making up the total of 
thirteen test samples mentioned in the Addendum. 


DISCUSSION 


The single-dose method of assay can be carried out 
rapidly and gives a fair approximation of relative 
activity except for samples of very low or high 
glycogenolytic-factor content. In our experience 
the method suffers from two difficulties. Not only 
does the increase in glucose output due to the 
addition of either standard or test sample vary with 


individual liver slices from the same rabbit, but the 
apparent activity of the test substance varies from 
rabbit to rabbit. Variation in glucose output from 
parts of a single slice was less than between different 
slices so that the technique would be improved by 
always assaying the standard and test sample on 
portions of the same slice. 


100 


80 


Activity 
a 
o 


> 
oO 


20 





0 0-2 0-4 0-6 0-8 1:0 
Relative potency 
Fig. 1. Glycogenolytie activity of insulin samples. Com- 
parison of activity (single-dose method, standard = 100) 
and relative potency (multiple-dose method, standard 
=1-0). 


A more accurate assay of relative potency is 
obtained if samples and standard are tested at 
several concentrations, arranged so that the re- 
sponses to samples and standard are of the same 
order, and the results examined statistically. 

After most of our assays had been carried out, 
Sutherland, Cori, Haynes & Olsen (1949) described 
a modification of their original method in which 
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samples were tested at three or more concentrations, 
usually on the liver from only one rabbit. As we 
have pointed out, in our experience it is better to 
use liver from more than one rabbit for accurate 
results and we think statistical analysis is advisable 
as an indication of the degree of accuracy. 

The numerical values for the activity of samples 
assayed by the two methods would not be expected 
to be the same, since in the single-dose method 
activities are compared at the same concentration of 
sample, but not of glycogenolytic factor, whereas 
in the multiple-dose method relative potency is 
assessed by comparison of concentrations giving 
similar responses. However, for samples tested by 
both methods, except for two with high activity, 
X and B4, there is a relation between the activity 
assayed by the single-dose method and the relative 
potency assessed by the multiple-dose method 
(Fig. 1). 

Considerable variation was found in the amount 
of factor associated with the insulin samples tested. 
Samples prepared by one firm may contain different 
amounts of factor, e.g. of the ten samples from 
Boots Pure Drug Co. Ltd., two contained little or 
no factor, while others contained an appreciable 
amount. Two samples from this firm bore the same 
batch number (4840); of these, B3 (amorphous), 
received in 1948, contained only a small amount of 
factor whereas B4 (crystalline), received in 1949, 
contained about as much factor as the standard 
sample prepared by Eli Lilly. The reference 
standard (received in 1947) was the only sample 
prepared by Eli Lilly which we tested, but Suther- 
land et al. (1949) have since tested Lilly samples 
which were free from factor. One of the samples 
(N 1) prepared by Novo Terapeutisk Laboratorium 
contained an appreciable amount of factor, al- 
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though the other four Novo samples tested were 
inactive. Two other samples (K2 and BW 1), be- 
sides two of the Boots samples, were also free from 
factor. 

This variability of samples prepared by the same 
firm from pancreas from the same species makes 
difficult the comparison of samples from the pan- 
creas of different animals, but the results suggest 
there is not much difference in the factor content of 
pancreas of ox, sheep and pig. We had an oppor- 
tunity of testing some insulin-inactive fractions, 
discarded during the manufacture of insulin by 
Boots, but none of them showed a higher factor 
content than the standard insulin. 


SUMMARY 


1. Two methods have been used for the assay of 
glycogenolytic factor in insulin samples. The first, or 
single-dose method, allows rapid testing of samples 
and gives an approximate estimate of activity; the 
second, or multiple-dose method, requires testing at 
several concentrations and statistical treatment of 
results. 

2. Twenty-three commercial insulin samples 
have been assayed. The glycogenolytic-factor con- 
tent was found to vary considerably; no samples 
were found to have a higher activity than the sample 
used as a standard (prepared by Eli Lilly and sent to 
us in 1947). Several were free from glycogenolytic 
factor. 


We should like to express our thanks to Prof. F. G. Young, 
F.R.S., for his interest in this work and to him and to Dr A.C. 
Chibnall, F.R.S., for sending us samples of insulin for 
testing, as well as to the firms who supplied the samples. 
One of us (G.A.) is indebted to the Diabetic Association for 
the award of a Lund Fellowship. 
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APPENDIX 


Statistical Examination of Multiple-dose Assays 


By N. W. PLEASE 
Department of Statistics, University College, London 


(Received 21 December 1951) 


Assuming that, over the range of concentrations 
considered, the relation between response and the 
logarithm of the concentration is linear then, for a 
valid assay of a test substance against the standard, 
the two sets of points must lie on two parallel 
straight lines (Finney, 1947). Now the relative 
potency (R) of the unknown to the standard is the 
ratio of the concentrations of the standard and the 
unknown required to give the same response. Thus 
the logarithm of the relative potency (M) is the 
horizontal distance between the two lines and, 
since the lines are parallel, is independent of the 
level of response. 

While a ‘four-point’ assay, in which the standard 
and the test substance are each used at two con- 
centrations, would be sufficient to estimate M, it 
was decided to use each at four concentrations in 
order to test the assumptions of linearity and 
parallelism. 


Assay A 


The eight slices from a rabbit liver were allotted 
in random order to the standard and the three 
samples. Each insulin sample was used at four 
concentrations, which were in geometrical pro- 
gression, the highest and lowest on one slice and 
the intermediate concentrations on another. An 
analysis of variance was carried out on the data from 
four rabbits (Table 1), the degrees of freedom for 
‘concentrations’ being subdivided. Since responses 
were obtained at four concentrations, the logarithms 
of the concentrations being in arithmetical pro- 


Table 1. 


Sums of 


Source squares 

Rabbits 169 679 
Insulins 296 047 
Doses 1 920 832 

Mean linear 1 892 970 — 

Mean quad. 27 806 

Mean cubic 56 
Rabbits x insulins 202 171 


Insulins x doses 65 918 
Insulins x linear 4741 
Insulins x quad. 58 984 
Insulins x cubic 2193 — 
87 815 
225 438 
2 967 900 


Rabbits x doses 


Residual 
Total 


gression, the average response and linear, quadratic 
and cubic components were easily estimated for 
each insulin from the following formulae (Emmens, 


1948): 


mean response = (Y,+ Y,+ Y3;+ Y,)/4, 
linear =(-—3Y,— Y,+ Y¥3+3Y,)/10, 
quadratic =(Y,-—Y,.—Y,;+ Y,)/4, 
cubic =(— Y,+3Y,—3Y;+ Y,)/6, 


where Y, is the mean response (mg./100 g. liver) at 
the lowest concentration and so on. 

It will be,noted that comparisons between in- 
sulins were independent of differences between 
rabbits and, for each rabbit, estimates of lmear and 
cubic components were unaffected by differences in 
slices, although such differences would affect the 
quadratic component. 

Since the quadratic and cubic components were 
not significant it is reasonable to assume the 
relations were linear. Also, since the interaction 
insulins x linear was not significant it may be 
assumed that the slope of the linear relation 
(regression line) was the same for all four substances, 
the mean slope being 511 + 34. 

The logarithm of the relative potency (M) of each 
sample to the standard and the variance of M were 
calculated from the formulae (Emmens, 1948) 


M=2,—,—(Y,—Y,)/o, 


2 o” 1 1 (Y,-Y,)? 2 
of = — (_—+—)+ — of, 


b4 


Statistical analysis of assay A 


Degrees of Mean Significance 
freedom square (%) 

3 56 560 l 
3 98 682 l 
3 l 
1 1 892 970 l 
l 27 806 
l 56 
9 22 463 5 
9 zy 
‘ 1 580 
3 19 661 
3 731 
9 9 757 

27 8 349 
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where %, is mean log. concentration of the standard, 

Y,is mean response of the standard, 

b is mean slope, 

o” is residual variance (8349-5), 

n, is number of responses for the standard 
(16), 


oj, is variance of slope (a function of o?). 


The subscript u denotes the sample (or unknown). 
The values of M and oy are given in Table 5 of the 
main paper. 


Assay B 


The second series of experiments were arranged in 
a similar way except that there were seven samples 
and the standard. In this case it was necessary to 
confound the quadratic component with rabbit 
differences instead of slice differences. Thus the 
eight slices from each rabbit were allotted at 
random to the fractions and the standard and, in 
four of the rabbits, the highest and lowest concen- 
trations were used on each slice while in the other 
four the two intermediate concentrations were used. 
The analysis (Table 2) was carried out in a similar 
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comparing the deviations of response means at 
different concentrations from the regression line 
(fitted by the method of least squares) with the 
residual. In only one case was there a significant 
departure from linearity and this may probably be 
disregarded since a 5% significant value may be 
expected by chance in twenty tests. 

The residual variances were then combined and 
used to test whether the differences in the slopes 
were significant. They were found to be so at the 
5% level and it was therefore considered unsatis- 
factory to use a single mean slope for the calculation 
of relative potencies. These differences are probably 
due to one or two of the samples being on a different 
range of the response relation. 

Since the experiment was arranged in eight 
assays, three with the standard and a single sample 
and five with the standard and two samples it was 
decided to examine each assay separately. For each 
assay the residual variances were pooled and used to 
test the differences of slope between samples and 
standard. In one case only was a significant 
difference obtained and this sample was discarded. 


Table 2. Statistical analysis of assay B 


Sums of Degrees of Mean Significance 
Source squares freedom square (%) 

Insulins 1 034 508 7 147 787 ] 
Between rabbits (within sets of 4) 399 490 6 66 582 1 
Mean linear 1 129 632 1 1 129 632 ] 
Mean quadratic (confounded with rabbits) 56 616 1 56 616 — 
Mean cubic 5 029 1 5 029 -- 
Insulins x linear 110 690 i. 15 813 — 
Insulins x quad. (confounded) 131 838 7 18 834 —- 
Insulins x cubic 50 281 7 7 183 —_ 
Insulins x rabbits (within sets of 4) 933 294 42 22 221 1 
Residual error 363 294 48 7 565 

Total 4 214 492 127 — — 


way except that the quadratic component was tested 
against the ‘between rabbits’ mean square instead 
of the residual. Since neither the quadratic and 
cubic components nor the differences in the slopes 
were significant, the mean slope was used to calcu- 
late M and oy as in the previous experiment 
(Table 6 of main paper). 


Assays C 

The experiments in this series were, in fact, 
carried out before the others and were not planned 
in the same way, being pilot experiments. Since 
every insulin was used several times at several con- 
centrations it was possible to calculate a residual 
variance for each substance by pooling the variances 
from each concentration. For each of the standard 
and the thirteen samples the linearity of the 
response-log. concentration relation was tested by 


In each of the other cases the assay mean slope was 
calculated, and hence the values of M and o, from 
the formulae given (Table 5 of main paper). 

The values of o,, are rather large for two reasons. 
The repeated observations at each concentration 
were made on different rabbits and the residual 
variances are therefore inflated by differences 
between rabbits. The pooled residual variance was 
10 876 compared with 8349 and 7565 in the other 
experiments. Also the mean responses of the 
samples and standard were often quite different 
thus giving a large factor 


2 
3% Os a 


7 2 

iA (Y¥,—Y,) 
in the expression for o5,. This was unavoidable since, 
these being pilot experiments, the relative potencies 


were unknown when the assays were started. 
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The Content of Glycogenolytic Factor in Pancreas from Different Species 


By GENEVIEVE AUDY anp MARGARET KERLY 
Department of Biochemistry, University College, London 


(Received 21 December 1951) 


Assays of glycogenolytic factor in samples of insulin 
prepared from the pancreas of ox, sheep and pig 
(Audy & Kerly, 1952) suggest that there is little 
difference in the glycogenolytic-factor content of 
pancreas from these animals. In an attempt to find 
a richer source of the factor, extracts of pancreas 
from cats, rats, ferrets and guinea pigs have been 
assayed for their glycogenolytic-factor content. 
Rabbit pancreas was also examined for comparison 
with the results of Sutherland & Duve (1948), who 
assayed the factor content of pancreas from rabbit, 
dog and ox. Since Sutherland & Duve (1948) and 
Heard, Lozinski, Stewart & Stewart (1948) have 
suggested that the factor is secreted by the « cells 
of the pancreas, assays were also carried out on 
extracts of tissue from the teleost fish Lophius 
piscatorius, a species in which islet tissue occurs 
separately from the pancreas proper, mostly in 
easily recognizable encapsulated structures (Mollen- 
dorf, 1939). 


METHODS 


Animals. All mammals were obtained from laboratory 
stock and were killed by injection of Nembutal. Three 
specimens of L. piscatorius, obtained from the Marine 
Biological Laboratory, Plymouth, were killed by a blow on 
the head. Pancreas was removed immediately after death 
and frozen in solid carbon dioxide. Microscopic examina- 
tion of sections cut from the pancreas of L. piscatorius 
suggested that it contained acinar tissue only, while the 
encapsulated structures consisted mainly of islet tissue. 

Preparation of extracts. Pancreas from individual cats and 
kittens was used for preparation of extracts; for the other 
species, pancreas from several animals was pooled. The 
frozen tissue was finely minced and extracts prepared as 
described by Sutherland & Duve (1948), except that the 
second acid-ethanol extraction was carried out for 2 hr. 
instead of | hr. Two ml. of final buffered extract corresponded 
to 1 g. pancreas, except for L. piscatorius where 10 ml. were 
equivalent to 1 g. of tissue. Trial extracts of rat pancreas, 
prepared by the acetone method of Kimball & Murlin (1923), 
showed little glycogenolytic-factor activity and the method 
was abandoned. 

Determination of glycogenolytic-factor content. Activity 
was compared with the maximum activity of a standard 
sample of insulin containing the factor (Eli Lilly, no. 
987267), using the test system already described (Audy & 
Kerly, 1952). In these tests the activities due to extract and 
standard were measured on portions cut from the same liver 
slice and, when possible, extracts were assayed on more than 
one rabbit for, as earlier recorded, we found some variation 


in activity when measured on liver slices from different 
animals. Activity was expressed, as suggested by Suther- 
land, Cori, Haynes & Olsen (1949), as the weight of pancreas 
required to produce 50% of maximum activity. This value 
was determined by testing extracts at several concentra- 
tions and plotting the activity (as % of the maximum 
activity) against the weight of pancreas equivalent to the 
amount of extract used. The method is illustrated in Fig. 1, 
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Fig. 1. Glycogenolytic-factor activity of an extract of 
rabbit pancreas tested on liver slices from three rabbits. 
>, x and @ refer to the individual rabbit livers. 


where the results of assaying an extract of rabbit pancreas on 
liver slices from three rabbits are shown. Since this method 
of expressing activity does not allow of ready comparison of 
the amount of factor in pancreas from different species, we 
have also ‘calculated the ‘relative activity’ to be expected 
from 100 mg. pancreas, i.e. 100 divided by the weight of 
pancreas required to produce 50% of maximum activity. 


RESULTS AND DISCUSSION 


The results of the assays carried out are shown in 
Table 1. They are not directly comparable with 
those of Sutherland & Duve (1948) as the volume of 
our test system was larger, i.e. 3 ml. instead of 
1-2 ml. However, if it be assumed that activity is 
proportional to the concentration of the factor 
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rather than to the total amount in the test system, 
then it can be calculated that the ‘relative activity’ 
of Sutherland & Duve’s extracts would be: rabbit, 
1-6; dog, 0-8; ox, 1-1; foetal calf, 8-0. The value for 
rabbit pancreas is similar in both assays, and all the 
extracts show the same order of activity. Cat 
pancreas contains somewhat more factor than that 
from the other species examined, but is not suffi- 
ciently active to make it a better source of factor 
than the more readily available ox pancreas. 


Table 1. Glycogenolytic-factor activity of pancreas 


(For experimental details and definition of relative 
activity, see Methods section.) 


Weight of 
pancreas (mg.) 


giving 50% Relative 
Animal max. activity activity 
Cat, adult <25 >4 
50 2 
Cat, kitten <12 >8 
(10-12 weeks) <25 >4 
40 2-5 
<25 >4 
Rat, hooded 50 2 
<50 >S 
Rat, albino 225 0-4 
85 1-2 
Rabbit, adult 67 1-5 
Rabbit, 5 weeks 100 1 
Guinea pig 100 1 
100 1 
Ferret 150 0-7 
Lophius piscatorius 
Islet tissue 60 


1-7 
(Very slight — 
activity) 


Acinar tissue 


In contrast to the much greater activity shown by 
foetal calf pancreas as compared with ox pancreas in 
Sutherland & Duve’s tests, we found little difference 
in activity of pancreatic extracts from young and 
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adult animals (rabbit and cat). In view of this and of 
our previous observation (Audy & Kerly, 1952) that 
insulin samples prepared from calf and ox pancreas 
contain similar amounts of factor, it is suggested 
that the number of islet cells/unit weight of pancreas 
may decrease after birth in the ox, as inrat pancreas, 
where Hess & Root (1938) have reported a high 
ratio at birth which decreases rapidly as the young 
develop. 

Further evidence for the production of glyco- 
genolytic factor by the islet cells is provided by the 
results of assays of LZ. piscatorius tissue; extracts of 
islets contained an appreciable amount of factor, 
whereas those of acinar tissue contained only traces, 
which are possibly due to the presence of very small 
islets embedded in it (McCormick, 1924). Guinea 
pig pancreas is well known to have a high ratio of 
islet to acinar tissue, but extracts did not show a 
higher glycogenolytic-factor content than those 
from pancreas of other species examined. If the 
factor is secreted by the « cells the ratio of « to B cells 
would be of more significance in controlling the 
amount of factor secreted than the total amount of 
islet tissue but, so far as we are aware, no investiga- 
tion of this ratio has been undertaken. 


SUMMARY 


1. The glycogenolytic-factor content of pan- 
creatic extracts from rabbit, rat, cat, guinea pig and 
ferret has been assayed; all extracts gave similar 
values. 

2. Extracts of islet tissue from Lophius pisca- 
torius were active whilst those of acinar tissue were 
almost inactive. 


We should like to thank the Director of the Marine 
Biological Association Laboratory, Plymouth, for assistance 
in obtaining specimens of Lophius piscatorius and the Eli 
Lilly Research Laboratories for the sample of insulin used as 
a reference standard. The thanks of one of us (G.A.) are 
also due to the Diabetic Association for the grant of a Lund 
Fellowship. 
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The Effect of Varying Amounts of Dietary Cholesterol 
and of Choline upon Liver Lipids 


By JESSIE H. RIDOUT, C. 


C. LUCAS, JEAN M. PATTERSON anp C. H. BEST 


Banting and Best Department of Medical Research, University of Toronto, Toronto, Canada 


(Zeceived 12 January 1952) 


The early investigations of the effects of feeding 
cholesterol or foods rich in cholesterol have been 
reviewed by Duff (1935). The role of the lipotropic 
factors in protecting the liver against excessive 
deposits of lipids following the ingestion of chole- 
sterol has been discussed by Best & Ridout (1939) 
and by McHenry & Patterson (1944). 

In spite of the volume of work which has been 
carried out upon the effects on liver lipids of feeding 
cholesterol, no paper has been found which de- 
scribes a systematic study of feeding graded doses 
of this substance. To obtain some information on 
the subject, twenty-one synthetic diets were pre- 
pared containing various amounts of cholesterol, 
up to 1:6%. Six of the diets contained no choline. 
The lipotropic effect of supplementary choline 
chloride was noted at two dietary levels (equivalent 
to 0-08 and 0-32% choline) and of inositol at 
032%. Even at the highest level of cholesterol 
intake, choline had a marked effect in preventing 
a rise in the glyceride fraction and exerted a con- 
siderable but less pronounced effect on the chole- 
steryl esters of the liver. The lipotropic action of 
inositol under these conditions was negligible. 

Several rations typical of those consumed by 
average families in this country were analysed for 
cholesterol and choline. The values found for 
cholesterol are possibly slightly high since it is 
known that certain other sterols are precipitated by 
digitonin, and some of these give a colour with 
the Liebermann-Burchard reagent. Although chole- 
sterol is found only in products of animal origin, 
many phytosterols and sitosterols possess such 
similar properties that ‘apparent cholesterol’ 
values are often obtained when foods of vegetable 
origin are analysed by the Schoenheimer-Sperry 
method. ‘Lo that extent, estimations made on pooled 
food mixtures may be too high. The choline content 
of these rations appeared adequate to protect the 
livers of rats consuming such diets against excessive 
accumulation of glycerides or cholesteryl esters. If 
one assumes that these ordinary diets are not harm- 
ful to the livers of persons consuming them, one 
might be tempted to conclude that the choline 
requirement (as percentage of dry dietary in- 
gredients) of the rat and of man is similar. It is 
obvious, however, that further work may reveal 


many discrepancies between the effects of chole- 
sterol and choline upon the liver of the rat and of 
man. 


EXPERIMENTAL 


White rats (210) of the Wistar strain (80-120 g. in weight) 
were divided among twenty-one comparable groups. The 
animals, in individual cages fitted with a false bottom of 
coarse wire screen, were group pair-fed for 3 weeks. Weighed 
amounts of fresh food were supplied daily in feed trays 
designed to minimize spilling; left-over food and scatter 
were weighed the following morning. From these data the 
average daily individual food consumption was calculated. 
Fresh water was always available. 

The basal diet (essentially free from choline) had the 
following percentage composition: casein (fat-free, vitamin- 
free) 8, gelatin 12, salt mixture no. 185 (McCollum & 
Simmonds, 1918) 5, cellu flour 2, ‘ vitamin powder’ 1, sucrose 
60, beef fat 10, corn oil 2 and cod-liver oil concentrate 0-015. 
The ‘vitamin powder’ consisted of thiamine hydrochloride 
500 mg., riboflavin 250 mg., pyridoxine 200 mg., calcium 
pantothenate 1000 mg. and nicotinic acid 1000 mg. made to 
1000 g. with very finely powdered (100 mesh) sucrose. Rats 
eating 10 g. of food per day receive 50 yg. thiamine hydro- 
chloride and proportional amounts of the other vitamins 
daily. The cod-liver oil concentrate (Ayerst, McKenna and 
Harrison Ltd., Montreal), contained 200 000 i.u. vitamin A 
and 50 000 i.u. vitamin D/g. 

Several groups of diets were prepared as shown in 
Table 1, containing five levels of crystalline cholesterol 
(British Drug Houses Ltd.) namely, 0-1, 0-2, 0-4, 0-8 and 
1-6 %. The cholesterol was incorporated in these diets (as in 
similar fat-free ones) by grinding it in a mortar with small 
portions of the dry ingredients; this mixture was spread by 
means of a fine sieve over the main bulk of the dry mixture. 
The ‘vitamin powder’ and lipotropic supplements were 
treated similarly. Cod-liver oil concentrate dissolved in 
light petroleum was sprayed over the combined dry in- 
gredients; after evaporation of the solvent the warm fats 
were poured over this dry mixture and blended thoroughly. 
Diets 6 to 11 contained 8 mg. of choline (supplied as the 
chloride in amounts 1-15 times the weight of the base) in 
10 g. of diet, which was the anticipated daily food intake. 
This amount of choline was chosen since other experiments 
(Best, Lucas, Ridout & Patterson, 1950) had suggested that 
in rats on such a basal diet, 8 mg. of choline/10 g. of food are 
sufficient to maintain practically normal liver lipids. 
Similar rations with four times this amount of choline 
(diets 12 to 17) were fed to see whether the greater amount 
was sufficient to protect against the development of the so- 
called ‘cholesterol fatty liver’. Diets 18 to 20 contained 
0-32 % inositol. 
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After the animals had been fed the rations for 3 weeks 
they were stunned and their livers were removed imme- 
diately and weighed. The pooled livers from each group of 
ten rats were ground in a Waring Blendor with some acetone, 
extracted several times with hot absolute ethanol and the 
lipids in the extracts were taken up in light petroleum. The 
analytical details have been described previously by Best, 
Lucas, Patterson & Ridout (1946). 

Itis interesting to compare the dietary levels of cholesterol 
and of choline in these experimental diets with those in 
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average wet weights and the average fat-free, dry 
weights of the livers of each group so that each lipid 
component may be calculated to either basis. It is 
necessary under certain circumstances, as will be 
pointed out later, to compare the results expressed 
as percentage of the fat-free dry weight, in order to 
interpret the data properly. 

Table 1 shows that in the liver lipids of the rats on 
the hypolipotropic basal diet glycerides have been 


Table 1. Effects of dietary cholesterol on rats 


(Diets fed for 3 weeks to groups of 6 F., 4 M.; 80-120 g.) 











Liver 
—$——. Composition of liver lipids (mg./liver) 
Mean Mean Mean Mean (— ‘ 
food wt. wet fat-free Cholesterol 
Group Supplements intake change wt. dry wt. Total — ———— 
no. (%) (g./day) (%) (g.) (g.) lipids Free Total Ester* Glyceride 
Choline, 0 
0 Cholesterol 0 8-4 -5 6-0 0-991 1892 11-4 25-0 22-9 1700 
] 0-1 8-9 -3 6-4 1-078 1829 12-0 34-4 37-9 1612 
2 0-2 9-4 +5 7-5 i-176 2464 13-8 57-9 74:3 2219 
3 0-4 9-7 +5 7-4 1-121 2716 15-0 100 143 2379 
+ 0-8 8-9 —4 8-6 1-138 3453 16-3 162 245 3008 
5 1-6 8-8 -6 8-8 1-093 3929 18-6 208 320 3411 
Choline, 0-08 
6 Cholesterol 0 9-7 +10 4-5 1-024 390 9-6 12-8 5-4 224 
a 0-1 9-7 +12 4-6 1-060 362 9-9 14-4 76 18] 
8 0-2 9-6 +16 5-0 1-064 549 11-6 32-0 34:3 338 
9 0-4 9-8 +18 5-1 1-087 641 12-8 81-0 115 324 
10 0-8 10-3 +22 5:8 1-222 795 14-8 126 187 414 
11 1-6 9-8 +12 5-0 1-063 946 14:7. 141 213 555 
Choline, 0-32 
12 Cholesterol 0 9-7 +22 4-6 1-088 351 10-1 12-5 4-0 174 
13 0-1 9-5 +17 4-6 1-069 * 323 9-9 14-0 6-9 144 
14 0-2 9-0 +12 4:7 1-067 321 10-4 18-0 12-8 125 
15 0-4 9-9 +17 4-6 1-044 432 12-4 49-0 61-6 201 
16 0-8 9-4 +14 4-7 1-050 477 13-8 64-6 85-6 210 
17 1-6 10-1 +28 5-1 1-095 601 14-8 110 160 237 
Inositol, 0-32 
18 Cholesterol 0-1 9-5 +2 5-9 0-999 1754 11-1 35-6 41-2 1544 
19 0-2 9-5 4 5:7 0-972 1631 11-3 43-8 54-7 1413 
20 0-4 9-9 +15 6:3 1-087 1815 13-8 88-5 126 1492 


* Cholesteryl esters were calculated as oleate by multiplying bound cholesterol by 1-68. 


natural rations consumed by 124n. To obtain data on this 
latter point representative servings of all foods and bever- 
ages offered to the nurses of a local hospital were collected on 
three separate days through the courtesy of the dietitian. 
The mixture for each day was thoroughly blended and 
analysed for solids, ash, total lipids, free and total chole- 
sterol, phospholipins (light petroleum-soluble P x 25), 
choline (by microbiological assay with the cholineless 
mutant no. 34486 of the bread mould, Neurospora crassa) 
and inositol (with the Hansen no. | strain of Saccharomyces 
cerevisiae American Type Culture Collection, Washington 
D.C. (A.T.C.C.) 7921). 


RESULTS 


The effects of the different intakes of cholesterol are 
presented in Table 1 as absolute weights (mg. per 
liver) of the lipid components, together with the 


doubled by the largest dose of cholesterol (1700- 
3411 mg.) and cholesteryl esters have increased 
14-fold (23-320 mg.). Free cholesterol increased 
only slightly (11-4-18-6 mg.) and phospholipins, 
which are not shown in the table, remained essenti- 
ally constant. When the results are expressed as 
percentage of wet weight, the rather large changes in 
the absolute values are less obvious, e.g. glyceride 
increased from 28-6 to 38-6 % of wet liver weight, 
cholesteryl esters from 0-39 to 3-6 %, free cholesterol 
from 0-19 to 0-21 %. 

The effects of increasing amounts of dietary 
cholesterol upon total lipids and cholesteryl esters 
are plotted in Fig. 1 as percentage of wet weight. 
Both fractions were increased markedly by in- 
creasing dietary cholesterol when the rations were 
free trom choline (groups 0-5; curves A and A’). The 
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presence of 0-08 % choline (groups 6-11; curves B 
and B’) as anticipated, greatly reduced the total 
lipids at each level of cholesterol intake but, un- 
expectedly, the cholesteryl esters appear to have 
been increased, e.g. cholesteryl oleate as percentage 
of wet weight is greater in group 11 (4-30%) than 
in group 5 (3:62 %). A simple explanation for this 
apparently anomalous observation is presented 
later in the paper. 
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Fig. 1. Influence of dietary cholesterol on liver lipids. The 
curves on the left-hand side show the total lipids, as 
percentage of fresh liver; the curves on the right give the 
cholesteryl esters as percentage of fresh liver. Curves 
labelled A depict data from rats on diets without choline, 
curves labelled B show data from rats given diets con- 
taining 0-08 % choline and curves labelled C are drawn 
from data for rats on diets containing 0-32% choline 
(supplied as chloride in amounts 1-15 times the values 
mentioned). 


The data are plotted in Fig. 2 to show the lipo- 
tropic effect of increasing amounts of dietary 
choline in rations containing different amounts of 
cholesterol. Curves A, A’ and A” refer to rats 
ingesting cholesterol at 1-6 % dosage, curves B, B’ 
and B” to 0-8 % cholesterol, and curves C, D, E and 
F to 0-4, 0-2, 0-1 and 0 % respectively. The curves on 
the left-hand side illustrate the influence of choline 
upon the glyceride and cholesteryl ester fractions, 
in the basal ration and at two dietary levels of 
cholesterol intake, expressed in the usual way as 
percentage of wet weight of liver. It is obvious from 
the figure (curves A”, B” and F’”) that the percentage 
of glycerides has been greatly reduced by 0-08 % of 
choline, but, as was noted previously, with the lower 
dose of choline an unexpected increase seems to 
have occurred in the bound cholesterol (curves A’ 
and B’). In Table 1 the actual reduction in weight of 
the glyceride fraction can be seen to be from 3411 to 
555 mg. (groups 5 and 11). Largely due to this 
removal of glyceride there is a reduction in weight of 
the liver from 8-8 to 5:0 g. Although the smaller 
dose (0-08%) of choline reduced the weight of 
cholesteryl esters from 320 to 213 mg. per liver, the 
values expressed as percentage of wet weight have 
increased (from 3-62 to 4:26 %). When the results 
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are expressed as percentage of fat-free, dry weight 
(see curves at right-hand side of Fig. 2) or as 
absolute weight, the lipotropic effect of choline upon 
the cholesteryl] esters is clear. 

For the benefit of those unfamiliar with normal 
values for liver lipids when expressed as percentage 
of dry fat-free tissue, the following data for ten rats 
from our stock colony may be reported: total lipid 
20-32 % (av. 25%), glyceride 9-18% (av. 12%), 
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Fig. 2. Influence of dietary choline on liver lipids of rats 
ingesting different amounts of cholesterol. Cholesteryl 
esters are shown as solid lines, glycerides x 1/10 as broken 
lines. Data shown on the left-hand side are expressed as 
percentage of fresh liver weight, on the right-hand side as 
percentage of fat-free, dry liver. Curves A, A’ and A” 
refer to diets containing 1-6% cholesterol, B to 0-8%, 
C to 0-4%, D to 0-2%, EH to 0-1 % and F to an essentially 
cholesterol-free diet. 


total cholesterol 0-9—1-2 % (av. 1-0%), free chole- 
sterol 0-7-1:0% (av. 0°-87%), cholesteryl esters 
‘calculated as oleate) 0-18—0-52 % (av. 0-26 %) and 
phospholipins 10-2—12-5 % (av. 11-8 %). 

Analysts are well aware of the different im- 
pressions that one may obtain from different 
methods of expressing analytical findings. Bio- 
chemists and physiologists are less conscious of the 
erroneous notions that can arise if data are expressed 
as percentage when some component (not con- 
sidered or mentioned because it is not one of interest 
at the moment) undergoes a large alteration 
simultaneously with the one being followed. The 
two methods of presenting the data for cholesteryl 
esters shown in Fig. 2 illustrate how certain state- 
ments in the literature may be wrong, due to 
neglect to consider the effect upon cholesteryl 
esters of a simultaneous large decrease in the amount 
of glycerides in the liver. 

Channon & Wilkinson (1935) were puzzled by the 
fact that increasing the casein content of a hypo- 
lipotropic diet (containing 20% fat and 2 % chole- 
sterol) from 5 to 30% caused an increase in 
cholesteryl] oleate. The data of Beeston, Channon & 
Wilkinson (1935) show a similar effect. The explana- 
tion given above probably applies; in their published 
data a large decrease in glycerides may be seen to 

6 
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have occurred, but since no absolute values are 
given it is impossible to verify the suggestion. The 
increase which some workers have noted in phos- 
pholipin under the influence of choline has a similar 
explanation. Actually, the weight of phospholipin 
in mg. per liver (or better, percentage of fat-free, dry 
liver tissue if the rats are not of uniform weignt) 
remains essentially constant, but as glycerides are 
lost and the liver weight decreases, the value 
expressed as percentage of wet weight increases. 
Thus, it should be emphasized that whenever a 
lipotropic substance produces a great decrease in 
the amount of glycerides in the liver, an erroneous 
impression may be gained of the nature of the 
changes in other lipid components if the values are 
expressed as percentage of wet liver weight. 
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done several years ago, that there is a sex difference 
in the response of rats to hypolipotropic diets, and 
that consequently there is an apparent difference 
between males and females in the lipotropic effect of 
inositol (Best, Ridout, Patterson & Lucas, 1951), 
Further, the livers were pooled before analysis, and 
with no knowledge as to the variability of the results 
it is impossible to estimate the significance of the 
relatively small differences observed when inositol 
was added to the diets. A reliable interpretation of 
the data can be made under these circumstances 
only when large and consistent differences are 
found, as was the situation with choline. 

The cholesterol and choline values found by 
analysis of the nurses’ diets, with other pertinent 
analytical data, are shown in Table 2. It may be 


Table 2. Lipid components of some human rations 


(Amounts ingested, g./day.) 





Cholesterol 
Total c : . 
Sample lipid Total Free Oleate Phospholipin Choline Inositol 
] 87 0-625 0-513 0-189 5-78 0-305 1-04 
2 96 1-125 1-013 0-189 7-51 0-534 1-16 
3 83 0-400 0-313 0-147 2-89 0-267 0-49 
Mean 89 0-717 0-613 0-175 5-39 0-369 0-90 
Expressed as percentage of dry solids in diet 
1 19-1 0-137 0-112 0-041 1-27 0-067 0-23 
2 19-1 0-223 0-202 0-038 1-49 0-106 0-23 
3 17-5 0-085 0-066 0-031 0-61 0-057 0-10 
Mean 18-6 0-148 0-127 0-037 , wie 0-077 0-19 


The rats in these experiments were fed the diets 
for only 3 weeks, but in other studies previously 
reported similar diets containing 0-5 % cholesterol 
were fed for periods of 8 and 16 weeks (Ridout, 
Lucas, Patterson & Best, 1946). Glycerides in the 
liver were maintained at normal levels by choline 
throughout the experiment, and a marked lipotropic 
effect on the cholesteryl esters was still demon- 
strable even if they were distinctly above normal 
after the rats had been on the rations for 4 months 
(4-5 % without choline, 1-0% with choline, 0-05 % 
being normal). 

Groups 18 to 20 illustrate the effects of increasing 
amounts of cholesterol (0-1, 0-2 and 0-4 %) in diets 
liberally supplied with inositol (0-32%). Total 
lipids remained essentially unchanged at 29-30% 
of wet liver weight. No great decrease in lipids due 
to the presence of inositol, such as occurred with 
choline, is to be noted, e.g. 0-4% of dietary chole- 
sterol in the basal hypolipotropic diet produced 
total liver lipids of 36-5%, while inositol reduced 
this to only 28-7 % (groups 3 and 20). No significant 
decrease in cholesteryl esters was observed, but the 
glyceride fraction did seem to be decreased (compare 
2379 mg. with 1492 mg. per liver). Unfortunately, 
it was not recognized, when these experiments were 





recorded also that the total wet weights (including 
beverages) were 2980, 3020 and 3035 g. (mean 
3012 g.) of which the total solids amounted to 456, 
504 and 472 g., respectively (mean 477 g.). The ash 
contents of these diets were found to be 11-1, 11-6 
and 10-6 (mean 11-1 g.). The data in Table 2 are 
first presented as grams consumed daily and then in 
the more useful form (for comparative purposes) of 
percentage in the dry solids. 


DISCUSSION 


These results require but little discussion. It might 
be mentioned that the cholesterol-rich diets con- 
taining liver or egg yolk fed by Blatherwick, 
Medlar, Bradshaw, Post & Sawyer (1931, 1932, 
1933 a, b) and by Okey, Yokela & Knock (1933-34) 
and Okey & Yokela (1936), contained quantities of 
lecithin providing amounts of choline considerably 
outside the range examined in the present study. 
It is therefore impossible to make exact com- 
parisons, but it is obvious from Fig. 2 that the slope 
of the curves relating liver cholesteryl esters to 
dietary choline is rapidly decreasing as choline 
increases. Thus considerably larger doses of choline, 
while exerting a marked lipotropic effect, would 
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probably leave the cholesteryl esters much above 
normal. 

The original experiments of Best and his col- 
leagues on the effects of lecithin and of choline were 
conducted with high-fat diets devoid of cholesterol: 
the excessive deposition of liver lipids was readily 
prevented under these conditions. 

As shown in Fig. 2 (curves F’ and F”) the large 
accumulation of glycerides (28-6 %) and the moder- 
ate increase in cholesteryl esters (0:39%) that 
resulted from feeding the basal hypolipotropic diet 
free from cholesterol are both completely prevented 
by choline. The ready response of both fractions to 
the lipotropic influence of choline in this situation 
(i.e. the so-called ‘fat fatty liver’) may be contrasted 
with that in the case of the ‘cholesterol fatty liver’ 
in which choline, although it has almost as marked 
an effect on the glycerides (curves A” and B”), 
inhibits only partially the deposition of cholesteryl 
esters at the higher intakes of cholesterol (cf. 
curves A’ and B’, or better, curves A to F in 
Fig. 2). 

The average choline content (0:077%) of the 
nurses’ diets was found by coincidence to correspond 
almost exactly with the lower level of choline 
(0-08 %) used in the experiments reported above. It 
must be remembered that natural diets contain 
choline precursors (methionine, betaine and possibly 
thetins) besides the choline which can be estimated 
microchemically or microbiologically. Mere know- 
ledge of analytical data for these substances does 
not permit an estimate to be made of what pro- 
porticn is actually used for lipotropic purposes, but 
undoubtedly some is so used and supplements the 
dietary choline. While it is dangerous to assume that 
data obtained from rats can be applied to man, it is 


interesting to note that the average percentage of 


choline found in the diets of the nurses is just about 
that required to maintain normal levels of glycerides 
and cholesteryl esters in the livers of rats consuming 
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diets containing proportions of cholesterol similar 
to those found in the nurses’ rations. 


SUMMARY 


1. Crystalline cholesterol was incorporated at 
five concentrations between 0-1 and 1-6 % in hypo- 
lipotropic diets and in two similar sets of diets con- 
taining 0-092 and 0-368 %, respectively, of choline 
chloride. Three diets were prepared containing 
different levels of cholesterol with 0-32 % inositol. 
Liver lipids were determined after these rations had 
been fed to rats for 3 weeks. 

2. A large deposition of glycerides and some in- 
crease in cholesteryl esters occurred in the livers of 
the rats consuming the basal hypolipotropic diet 
free from cholesterol. 

3. Increasing amounts of dietary cholesterol 
caused a progressive increase in the accumulation of 
both glycerides and cholesteryl! esters in the livers. 

4. The larger amount of choline was able to 
maintain liver glycerides within or only slightly 
above the normal range at all these intakes of 
cholesterol. 

5. Cholesteryl esters in the liver were slightly 
elevated even at the larger intake of choline when 
the diet contained 0-2% of cholesterol; further 
increases in dietary cholesterol caused progressive 
increases in the deposition of cholesteryl esters. 

6. Data are given for the lipid components 
(including cholesterol and choline) of several human 
diets. 


The expenses of this study were defrayed in part by a 
grant from the Banting Research Foundation. Grateful 
acknowledgement is made of assistance given by our 
colleagues, Dr J. Campbell and Miss Jessie M. Lang, in the 
analysis of the rations. We wish to thank Miss Margaret 
Ketchen, Director of Nutrition at the Toronto General 
Hospital, for arranging collection of sample servings of 
rations fed to the nurses. 
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The Analysis of Hair Keratin 





1. APPLICATION OF MICROBIOLOGICAL TECHNIQUES TO HYDROLYSATES 


OF HUMAN HAIR 


By JESSIE M. LANG anp C. C. LUCAS 


Banting and Best Department of Medical Research, University of Toronto, 


Analytical difficuities encountered during attempts 
to determine amino-acids in (or isolate them from) 
protein hydrolysates containing a large proportion 
of cystine first interested one of us (C.C.L.) nearly 
twenty years ago, but because the study was carried 
on sporadically, as a side-line, it progressed only 
slowly (Lucas & Beveridge, 1940; Beveridge & 
Lucas, 1944a—c). The development since about 1943 
of microbiological assay procedures for amino-acids 
has made obsolete the laborious techniques pre- 
viously used in studying protein hydrolysates. To 
get more complete and more reliable analytical data 
on the composition of human hair these newer 
methods have been applied to a freshly prepared 
hydrolysate of the same sample of cleaned hair as 
had been used by Beveridge & Lucas. The hair had 
meanwhile been stored in a tightly stoppered 
(plastic screw-cap) brown bottle in a dark cup- 
board. New analytical data for moisture (8-13 %), 
ash (0-51%), and nitrogen, on moisture- and ash- 
free keratin (16-4°%) agreed well with the earlier 
determinations. Approximate values were ob- 
tained for most of the amino-acids in human hair 
keratin (Table 1); for comparison the values found 
some years ago by chemical procedures are in- 
cluded. 

METHODS 


Most of the amino-acids were determined by microbiological 
assay techniques, essentially as described by Henderson & 
Snell (1948); these were applied directly to the hydrolysate 
without removal of any cystine. Alanine was estimated by 
the method of Sauberlich & Baumann (1949) and serine was 
determined according to Stokes & Gunness (1945). Five 
organisms (shown in Table 1) were employed to assay the 
amino-acids. Standards were set up at five levels and tests 
at four levels, with tubes in triplicate in each case. Trypto- 
phan was estimated chemically on unhydrolysed keratin by 
the method of Spies & Chambers (1949) which involves 
condensation with p-dimethylaminobenzaldehyde in 19N- 
H,SO, and development of a blue colour upon treatment 
with NaNO,. Cystine in the hydrolysate was estimated by 
Lugg’s (1933) modification of Sullivan’s (1926) procedure. 
The chemical methods used for the other amino-acids have 
been described in detail elsewhere (Beveridge & Lucas, 
1944a-c), but the fourth column of Table 1 indicates the 
general nature of the procedures used in these determina- 


tions. 
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RESULTS AND DISCUSSION 


Analytical values for nineteen of the commoner 
amino-acids in human hair, as determined in this 
laboratory (fourteen by chemical and sixteen by 
microbiological methods), are shown in Table 1. 
Those familiar with the fractionation of protein 
hydrolysates know that significant losses usually 
occur in the mother liquors during precipitation of 
copper and zinc salts and during recrystallization of 
the free amino-acids. The figures in column 5, 
Table 1, for alanine, the leucines and valine are 
therefore given in parentheses, with a plus sign, to 
indicate that while the chemical work established 
the presence of these amino-acids, the amounts iso- 
lated represent minimal values. It is unreasonable, 
therefore, to make comparisons between these 
figures and the doubtless more reliable data ob- 
tained by microbiological assay. The one serious 
discrepancy (on a percentage basis, if not in ab- 
solute amount) is in the case of histidine, where 
1-2% was found microbiologically and only 0-6 % 
by precipitation according to Kossel & Kutscher 
(1900-1) as silver salt, and re-precipitation as 
flavianate according to Vickery & Leavenworth 
(1927, 1928). The separation of histidine in the 
presence of much cystine appears to offer special 
difficulties. Argiris (1907-8) was unable to isolate 
any histidine from a similar type of hydrolysate 
(horse-hair). Vickery & Leavenworth (1929) found 
only 0-52 % of histidine in human hair. According 
to Dunn (1949) some laboratories fail to get satis- 
factory values in the microbiological estimation of 
arginine, histidine and lysine; no difficulties or 
sources of error were recognized in these determina- 
tions in our laboratory although the values for 
arginine and lysine were lower than by isolation. 
Significantly lower values (about 80% of those 
estimated by isolation methods) were also obtained 
microbiologically for tyrosine. While the absolute 
magnitudes of the differences are small (at the worst 
less than 3 % of the keratin), these discrepancies are 
relatively large in percentage of the value found and 
would make a considerable difference in the mole- 
cular ratios if one were interested in calculating 
them. The fact that the values by microbiological 
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assay for the three amino-acids mentioned were 
smaller than those determined chemically might be 
explained either by inhibition of the assay organisms 
by the excessive amount of cystine in the hydro- 
lysate or on the basis that some racemization 
had occurred during hydrolysis or, thirdly, that 
the fractions isolated by Beveridge & Lucas, in 
spite of good analytical values, were somewhat 
impure. 
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One is left with the impression that the higher 
values for arginine, lysine and tyrosine by the 
isolation procedures were probably due either to 
partial racemization giving low values in the micro- 
biological assay, to extraneous amino-acids con- 
taminating the fractions isolated, or to a combina- 
tion of these effects. Unfortunately, suitable assay 
organisms are not known that respond equally well 
to both enantiomorphs of the amino-acids. 


Table 1. Analytical data obtained on human hair keratin 


(The values are reported on a moisture- and ash-free basis. (Letters in brackets indicate references.) A.T.C.C.= 


American Type Culture Collection, Washington D.C.) 


Test Chemical Values reported 

Amino-acid organism % method % by others 
Alanine ] 2-8 Cu salt (2-3+) 6-9 (a) 
Arginine 2 7:8 Flavianate 8-9 9-4 (b) 
Aspartic acid 3 3-9 Ba, Cu salts 3-5 — 
Cystine — _— Colour* 18-0 21-2 (c); 16-5 (d) 
Glutamic acid + 13-6 Ba salt, HCl 10-6 8-0 (a) 
Glycine 3 4-1 — — 9-1 (a); 4-3 (e) 
Histidine 2 1-2 Flavianate 0-6 0-6 (e) 
Hydroxyproline — — Reineckate 0 — 
Isoleucine 3 4-8) ; oe ee a : 
ladies 4 6-4 f Crystallization (7+) 12-1 (a) 
Lysine 3 1-9 Picrate 2-4 2-5 (d); 2-5 (e) 
Methionine 2 0-7 Thiolactonef 0-8 — 
Phenylalanine 3 2-4 ~ _ 2-6 (e) 
Proline 3 4-3 Cu salt 4-3 = 
Serine 5 10-6 HI0,t 8-0 aa 
Threonine 2 8-5 — — — 
Tryptophan — _- Colour§ 1 1-6 (f); 0-7 (e); 1-1 (g) 
Tyrosine 3 2-2 Crystallization 2-5 4-3 (9); 3-3 (a); 3-0 (e) 
Valine 4 5-5 Cu, Zn salts (1-1+) — 
Melanin — = — 1-6 —- 
Ammonia — — — 1-42 —- 
N on inorg. ppts. — —_ —_ (1-13) -- 


1, Leuconostoc citrovorum (A.T.C.C. 8081). 
2, Streptococcus faecalis (A.T.C.C. 8043). 


3, Leuconostoc mesenteroides P60 (A.T.C.C. 8042). 
4, Lactobacillus arabinosus 17-5 (A.T.C.C. 8014). 


5, Lb. delbruckii LD5 (A.T.C.C. 9595). 


* Lugg (1933). 

+ Kassel & Brand (1938). 

ft Nicolet & Shinn (1941). 

§ Spies & Chambers (1949). 


RE} ERENCES 


(a) Buchtala (1913). 
(b) Vickery (1940). 

(c) Wilson & Lewis (1927). 

(d) Vickery & Leavenworth (1929). 


A mixture of amino-acids of the composition 
shown in Table 2, which, according to the findings, 
approximates a hair hydrolysate, was prepared and 
analysed microbiologically for arginine, glutamic 
acid, histidine and threonine. The recoveries were 
99, 101, 101 and 97 %, respectively, of the amounts 
used. Cystine does not seem to exert any inhibitory 
influence under these conditions. Some other as yet 
unrecognized compound might, of course, have an 


inhibiting effect. 


(e) Block, Bolling, Brand & Schein (1939). 
(f) Sammartino (1922). 
(g) Klinke (1925). 


Most of the determinations were repeated several 
times on different hydrolysates, in some cases with 
two or even three different organisms. A few typical 
sets of results will indicate the variations 
countered: glycine 3-95, 3-98, 4-09, 4-11; histidine 
1-14, 1-16, 1-23, 1-26, 1-30; leucine 6-30, 6-37, 6-42; 
valine 5-17, 5-40, 5-41, 5-48, 5-64, 5-81. Glutamic 
acid values as estimated by Lactobacillus arabinosus 
and by Leuconostoc mesenteroides P 60 were essenti- 
ally the same: 13-14, 13-19, 13-21, 13-48, 13-55, 


en- 
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13-70, 13-82, 13-90, 13-94 with the first organism 
and 13-23, 13-64 and 13-99 with the second. Strepto- 
coccus faecalis gave somewhat lower values, 12-12, 
12-30 and 12-97. 

Although microbiological methods for glycine, 
alanine, proline and serine have not proven entirely 
satisfactory (Dunn, 1949), in this instance the value 
for proline agrees with that determined chemically. 
The value found for serine by chemical means 
(periodate) is 25% lower than that found using 
Lactobacillus delbruckii LD 5; it is difficult to decide 
which value may be nearer the truth. 

The cystine value of 18-0 % was adopted after a 
study of its rate of liberation. Hair was boiled with 
9Nn-hydrochloric acid (5 ml./g.) and free cystine was 
estimated at intervals in the hydrolysate. A 
maximal value of just over 18 % was obtained after 
6 hr.: the value was 18-0% at 10 hr. and 16-4% 
after 24 hr. Merrill (1921) found maximal values for 
cystine in wool hydrolysates after boiling with acid 
for between 6 and 12 hr., and Rimington (1929) 
after 7 hr.: both noted that a slow decrease occurred 
on longer boiling. Sullivan & Hess (1937) found the 
cystine in casein to be completely liberated after 
6-7 hr. boiling with 20% (w/v) hydrochloric acid. 
Vickery & Leavenworth (1929) give a value of 
16-5% for the cystine content of human hair 
(determined after hydrolysis with 8N-hydrochloric 
acid for 8hr.). If the higher figure of 18-0% is 
adopted, and a value of 0-7% for methionine is 
accepted, the sulphur content of the hair is practic- 
ally accounted for (sulphur calculated from these 
data, 4-97; found, 5-00 %). 

By microbiological procedures about 81g. of 
material in the hydrolysate from 100g. of hair 


keratin have been identified. By isolation or 
chemical methods approximately 71 g. were 
characterized; the absence of one amino-acid 


(hydroxyproline) appears to have been established 
by chemicai means. Melanin and ammonia in- 
creased the material accounted for by another 3-0 g. 
The total weight of material identified is about 
104 g. (The mean molecular weight of the consti- 
tuent amino-acids is, by calculation, about 152 so 
that 100 g. of keratin on hydrolysis should yield 
about 112g. of split-products.) The failure to 
identify about 8 g. of material out of the expected 
112 g. has been a disappointment. The amounts of 
the amino-acids shown in Table 2 represent 85-0 % 
of the total nitrogen; ammonia and melanin 
account for another 7-7 %. Thus, it has been possible 
to account for about 93 % of the nitrogen of human 
hair keratin. 

In the course of the chemical fractionation about 
1-13 g. nitrogen, equal to 7 % of the total nitrogen, 
was found adsorbed to inorganic precipitates in a 
form not removable by washing with water or dilute 
acid. This nitrogen, of as yet unrecognized nature, 
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probably represents about 10g. of amino-acids, 
Only if the bulk of the adsorbed nitrogen were in a 
form different from that of any of the 16 amino-acids 
determined microbiologically would one be justified 
in adding this 10 % of the material weight or 7 % of 
the total nitrogen to the 93 % of each of these con- 
stituents already identified. 


Table 2. Amino-acid content of 
human hair keratin 


In hair 
keratin N N (as % 
(%) (g-/100 g.) of total) 
Alanine 2-8 0-44 2-68 
Arginine 8-9 2-87 17-50 
Aspartic acid 3-9 0-41 2-50 
Cystine 18-0 2-10 12-81 
Glutamic acid 13-6 1-29 7:87 
Glycine 4-1 0-77 4-68 
Histidine 1-2 0-33 2-01 
Hydroxyproline 0 0-0 0 
Isoleucine 4:8 0-51 3-11 
Leucine 6-4 0-68 4-15 
Lysine 1-9 0-36 2-22 
Methionine 0-7 0-07 0-43 
Phenylalanine 2-4 0-20 1-22 
Proline 4:3 0-52 3:18 
Serine 10-6 1-41 8-62 
Threonine ; 8-5 1-00 6-10 
Tryptophan 1 0-14 0-85 
Tyrosine 2-2 0-17 1-04 
Valine 5-5 0-66 4-02 
Melanin 1-6 0-10 0-61 
Ammonia 1-42 1-17 7-13 
Unaccounted for (8-2 1-2 73 
Total 112 16-4 100 


Because different regions of the hair shaft may 
be distinguished histologically, it would appear 
reasonable to assume that different proteins may be 
concerned in its make-up. Consequently it would 
seem foolish to consider that the keratin material 
analysed represents a single compound. When the 
percentages found were divided by the respective 
molecular weights to get some idea of the relative 
frequency of occurrence of the amino-acids, a series 
of numbers not too far removed from simple ratios 
were obtained. Even if no assumption is involved as 
to the homogeneity of the material analysed, it is 
interesting to note that the frequency of occurrence 
of the amino-acids, on a molecular basis, appears to 
be roughly as follows: serine 32, glutamic acid 30, 
cystine 25, threonine 24, glycine 18, arginine 16, 
leucine 16, valine 16, isoleucine 12, proline 12, 
alanine 10, aspartic acid 10, phenylalanine 5, 
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lysine 4, tyrosine 4, histidine 2, methionine 2 and 
tryptophan 2. 


SUMMARY 


1. Values are given for nineteen of the common 
amino-acids in human hair keratin. 
2. These account for about 90 % of the expected 


weight and 86% of the nitrogen of the keratin; 
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melanin plus ammonia account for another 3 % of 
the weight and 7-7 % of the nitrogen. 
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Further Isotopic Studies on Haemoglobin Formation 
in the Rat and Rabbit 


By HELEN M. MUIR, A. NEUBERGER anp J. C. PERRONE* 
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(Received 20 November 1951) 


Recent work done in vivo with rabbits (Muir & 
Neuberger, 1950) and in vitro with nucleated red 
cells of birds (Radin, Rittenberg & Shemin, 1950) 
has shown that the a-carbon atoms of glycine 
molecules provide eight carbon atoms for the por- 
phyrin moiety of haemoglobin. Earlier investiga- 
tions (Wittenberg & Shemin, 1949; Muir & Neu- 
berger, 1949) had produced evidence that all four 
nitrogen atoms of porphyrin are also specifically 
derived from glycine. The present paper is con- 
cerned in the first place with a comparison of the 
isotope contents of the porphyrin and glycyl 
residue in rabbit haemoglobin at different time 

* British Council Scholar. Present address: Instituto 
Nacional de Tecnologia, Rio de Janeiro. 


intervals after administration of methylene- 
labelled glycine. If glycine is indeed a specific 
precursor of porphyrin, it would be expected that 
the ratio of ‘molar’ radioactivities of porphyrin and 
globin glycine should approach or be equal to the 
value of eight, provided that the rate of blood forma- 
tion is constant and that globin and porphyrin are 
made in the same cell or cell compartment, during 
the experiment, i.e. utilize the same glycine ‘pool’. 
It is of course possible that the newly formed por- 
phyrin or globin are diluted to different extents by 
unlabelled preformed material or that the average 
times required for the incorporation of the «-carbon 
atoms of glycine into the porphyrin and globin 
moieties of haemoglobin differ sinificantly. In 
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either of these cases the shapes of the activity-time 
curves of these two components will not be identical 
initially, but the ratio of the molar activities should 
approach eight, as the curves flatten out, provided 
the above conditions apply. This investigation was 
then extended to the rat whose haemoglobin, unlike 
that of the rabbit, can readily be obtained in a 


crystalline form (Warburg & Reid, 1931). Pre- 
liminary experiments had shown that valyl 


residues provide the terminal amino groups of the 
peptide chains of rat haemoglobin, as in the haemo- 
globins of many other species (Porter & Sanger, 
1948). We have therefore injected radioactive 
glycine and valine in constant proportion to groups 
of rats and measured the activities of porphyrin, the 
terminal valine residues, the non-terminal valine 
residues and the glycine residues at different times 
after adininistration of the labelled compound. It 
was hoped that the data thus obtained would be 
susceptible to a less ambiguous and more quanti- 
tative interpretation than is generally the case with 
isotope results on protein metabolism, for the 
following reasons. Haemoglobin isolated from 
adult mammals, unlike most other intracellular 
proteins, can be considered to be reasonably homo- 
geneous, as measured by known physical and 
chemical criteria. Moreover, the haemoglobin of the 
normal, mature erythrocyte of the mammal is 
metabolically either completely or almost com- 
pletely inert and we are justified in interpreting the 
activity-time curves of haemoglobin obtained for 
the first weeks after administration of labelled pre- 
cursors entirely in terms of protein synthesis and in 
neglecting degradation. 

In these experiments protein fractions were ob- 
tained which were almost free from haemoglobin 
and which were derived largely from the red cell 
membranes. These heterogeneous fractions which 
were designated ‘stromatin’, were also hydrolysed 
and the radioactivities of the valine and the glycine 
determined. In these and the haemoglobin experi- 
inents the rather small amounts of amino-acids 
available were isolated in the form of 2:4-dinitro- 
phenyl (DNP) derivatives by a method described 
in detail elsewhere (Perrone, 1951). 


EXPERIMENTAL 


Treatment of animals and administration 
of labelled compounds 


Rabbit experiments. In the first rabbit experiment a 


female Hollingsworth half-lopped rabbit (body weight 
2-75 kg.) was used. The animal received 57-4 ye. of [a-14C]- 
glycine having a specific activity of 1 uc./mg. glycine and 
100 ue. of [carboxy-4C] acetate (8-3 mg. anhydrous sodium 
acetate) intravenously. At stated intervals blood samples 
(10 ml. each) were removed from the marginal ear vein. In 
the second rabbit experiment a Dutch female rabbit 
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(3-7 kg. body weight) was given, by vein, an isotonic solution 
containing 20 mg. of [«-!C]glycine with a total activity of 
approx. 300yuc. The rabbit was killed 8 hr. after the ad- 
mistration of the glycine. This animal was primarily used for 
a study of milk protein formation by Dr Campbell and 
Dr Work, to whom we are grateful for supplying the blood. 

A third rabbit (3-3 kg. body weight female half-lopped 
Hollingsworth) was given a low protein diet for 48 hr. and 
then fasted for 24 hr. It was then given by mouth 7 ue. of 
[x-!4C]lysine monohydrochloride (460 mg.) admixed with a 
small amount of pelleted diet. The lysine which was mainly 
in the L-form, but contained approx. 15% of the D-isomer 
and which had been synthesized in this laboratory (Arnstein, 
Hunter, Muir & Neuberger, 1952). Blood samples (10 ml. 
each) were taken from the marginal ear vein at stated 
intervals. We are grateful to Dr A. S. McFarlane for supply- 
ing us with the washed corpuscles for this experiment. 

Rat experiments. Male and female rats of the Institute 
albino strain (200-270 g. body weight) were used. Each rat 
was injected intraperitoneally with an amount of a solution 
containing 5 pe. of [«-!4C]glycine and 3-5 ye. of [gem-methy]l- 
14C]px-valine/100 g. body weight. The glycine had a specific 
activity of lyuc./mg. and the valine a specific activity of 
lyc./0-7 mg. Pairs of rats were killed by ether at various 
stated intervals of time and the blood removed by heart 
puncture. The labelled compounds excepting lysine were 
obtained from the Radiochemical Centre, Amersham. 


Isolation of substances 


Haemoglobin. In the first rabbit experiment the washed 
corpuscles were laked with distilled water and the haemo- 
globin precipitated by pouring the haemolysate into 10 vol. 
of acetone. The precipitate was further extracted success- 
ively with boiling acetone and CHCl,. The extracts were 
used for the preparation of cholesterol (see Muir, Perrone & 
Popjak, 1951). In the second and third rabbit experiments 
the washed red cells, after removal of the ‘ buffy coat’ con- 
taining the leucocytes, were lysed by addition of distilled 
water and the ‘stromatin’ precipitated by passage of CO, 
into the mixture. The solution was centrifuged and the 
precipitate discarded. Rabbit haemoglobin could not be 
crystallized, but the preparations obtained by the second 
method appeared to be uniform on electrophoresis. 

In the rat experiments the washed red cells, after removal 
of the white cell layer, were lysed by addition of 4 vol. of 
water saturated with CO,. The precipitate containing the 
‘stromatin’ was removed on the centrifuge. The haemo- 
globin was crystallized by addition of acetone (0-3 vol.) and 
leaving the mixture at 0° for 18 hr. The haemoglobin was 
recrystallized by dissolving the crystals in CO,-saturated 
water followed by addition of acetone (0-3 vol.) and cooling 
to 0°. The ‘stromatin’ was washed repeatedly with CO,- 
saturated water, until no more haemoglobin could be 
detected in the supernatant fluid. 

Porphyrin and globin. Protoporphyrin methyl ester was 
obtained from the rabbit haemoglobin by the method of 
Grinstein (1947); the residue insoluble in acidic methanol 
was used for the preparation of amino-acid derivatives. In 
the rat experiments the globin was prepared by the method 
of Anson & Mirsky (1930). The supernatant solution from 
the acetone-HCl treatment was-evaporated to dryness and 
the protoporphyrin methyl ester obtained from the residue 
according to Grinstein (1947). In the one experiment in 
which a degradation was carried out, the protoporphyrin 
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ester was reduced to mesoporphyrin ester and the latter 
oxidized with CrO, as described by Muir & Neuberger (1950). 

Amino-acids. The proteins were hydrolysed and DNP- 
glycine prepared as described by Perrone (1951). In the rat 
experiments the globin was treated with 1:2:4 fluorodini- 
trobenzene (FDNB) (Sanger, 1945; Porter & Sanger, 1948) 
and the DNP-globin was hydrolysed. Extraction with 
ether and chromatographic separation (Perrone, 1951) gave 
crystalline DNP-L-valine derived from ‘end-group’ valine. 
The remaining free amino-acids were again treated with 


Table 1. 
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about 40 days. This figure is lower than the values 
obtained in earlier experiments with »N (Neuberger 
& Niven, 1951). The difference may be explained as 
follows: the blood samples taken in the present in- 
vestigation were rather large (10 ml.) and by the 
twenty-second day approximately 30% of the 
initial labelled haemoglobin had been removed and 
this was presumably replaced by protein of neg- 
ligible isotope content. Moreover, the particular 


Radioactivities of samples of protoporphyrin methyl ester and of DN P-glycine obtained at various 
protoporphy: y gy 


times from haemoglobin specimens of a rabbit which had received 57-4 we. of [x-“4C]glycine 


(The values for molar radioactivity were obtained by multiplying the observed counts/min. by the mol.wt. and dividing 


by 1000.) 


Times of collection after administration of labelled compound (days) 





Porphyrin ester: 0-25 1-0 
Counts/min. 49-9 224-9 
Molar radioactivity 29-45 132-6 

DNP-glycine from globin: 

Counts/min. 23-4 80-46 
Molar radioactivity 5-64 19-64 


22-0 52-0 


3-0 7-0 
391-6* 476-6 386-8 178-0 
240-5* 281-2 228-5 105-0 
145-2 127-4 112-6 54-3 

35-0 30-7 21-7 13-1 


* This sample amounted to 11-0 mg. only; correction to infinite thickness is given for molar radioactivity only, whilst 


counts/min. represents the value observed. 


FDNB and the crystalline DNP-glycine and DNP-t-valine 
derived from non-terminal valine were obtained from this 
fraction. Lysine was obtained from the phosphotungstic 
acid-insoluble fraction of the globin hydrolysate by pre- 
cipitation as copper-benzylidene complex (Turba, 1948); 
this was decomposed with H,S and the lysine isolated as 
dihydrochloride after removal of the benzaldehyde with 
ether. 
Isotope determinations 

Radioactivities were measured as described (Muir & 
Neuberger, 1950), using an experimentally determined 
correction curve, if the samples were smaller than 20 mg./ 
sq.cm. The results are given as counts/min. for samples of 
‘Infinite’ thickness and 1 sq.cm. area. In an earlier paper 
(Muir & Neuberger, 1950) activities were expressed in an 
identical manner but erroneously defined as counts/min./mg. 
sample. In order to facilitate comparisons between different 
molecular species these values are multiplied by the mole- 
cular weight and divided by 1000. Such corrected figures 
are termed ‘molecular activities’. 


RESULTS 


Comparison between the radioactivities of the 
porphyrin and the glycine residue in globin 


In the rabbit experiment (Table 1) appreciable 
radioactivity was found both in the porphyrin and 
glycine of the globin as early as 6hr. after the 
administration of labelled glycine. The maximum 
activity was reached after approximately 3 days; 
after the seventh day activity decreased and had 
fallen to about 40% of its highest value by the 
fifty-second day of the experiment, suggesting an 
average half-life span for the rabbit erythrocyte of 


rabbit used increased its body weight during the 
experiment and probably also its blood volume by 
about 12%. These two factors thus account for the 
apparently short life-span, but they will not affect 
the ratio of activity between porphyrin and globin 
glycine in which we were primarily interested. 

The relatively small amount of carboxyl-labelled 
acetate which was given to the rabbit, together with 
the labelled glycine, will produce a very slight 
activity in the carboxyl groups of protoporphyrin. 
However, the dilution factor for acetate is very 
large compared with that of glycine and we have 
therefore assumed in our calculations that the whole 
activity of the porphyrin is derived from the «- 
carbon atom of glycine. 

In the rat experiment (Table 2) two animals were 
used for each time interval. Although the animals 
were kept under identical conditions and doses of 
radioactive amino-acids were exactly proportional 
to body weight, individual differences were not 
entirely eliminated. Such differences, which will 
affect the absolute values, should not influence to 
the same extent the ratios of radioactivities of 
different components of haemoglobin and it is only 
the ratios which are being considered. 

Table 3 gives the ratios of molar activities of 
porphyrin and globin glycine from both rat and 
rabbit experiments for different time intervals. If 
we consider in the first place only those values which 
were obtained 24 hr. or more after administration 
of labelled glycine, we find that the mean molar 
activity of porphyrin is about 7-7 times that of the 
glycine isolated from the same haemoglobin sample. 
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This mean figure is reasonably close to the value of 
8 which is expected on the basis of earlier work 
based on degradation of porphyrin (Muir & Neu- 
berger, 1950; Wittenberg & Shemin, 1950). How- 
ever, in these experiments the assumption was made 
that the radioactivity or the N content of the 


Table 2. 
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1950) and the «-carbon atom of the glycine residue 
in globin have identical activities within +10 or 
15%. 

In haemoglobin samples taken 6 or 12 hr. after 
administration of radioactive glycine, the activity 
ratio was significantly less than 8, the values varying 


Radioactivities of samples of protoporphyrin methyl ester and of DNP-glycine obtained from 


crystalline haemoglobin specimens of rats which had received 5 pc. [«-!4C] glycine and [gem-methyl-“C] 


pu-valine/100 g. body weight 


(Two rats were used for each experiment.) 


Time of collection after administration of labelled compounds (days) 





‘ ae oa 
Porphyrin ester: 0-5 1-0 3-0 70 14 21 
Counts/min. 162-5 N.d. 419-9 297-8 375-6 326-5 
Molar radioactivity 95-9 N.d. 247-7 175°8 221-6 192-3 
DNP-glycine from globin: 
Counts/min. 73-5 70-5 125-0 104-8 136-0 95-71 
Molar radioactivity 17-7 17-0 30-1 25-3 32-8 23-1 


N.d., not determined. 


Table 3. Ratio of molar radioactivities in rats and rabbits of protoporphyrin and glycine obtained from 
haemoglobin samples obtained at different times after administration of labelled glycine 


(The molar activities are given in Tables 1 and 2.) 


Rabbits 
° ie io 7 - : 2 . 
Time after administration 


of [«-14C]glycine Molar activity of porphyrin/ 


(days) molar activity of globin glycine 
0-25 5-2 
0-25 56 
1-0 6-8 
3-0 6-9 
7-0 9-1 
22-0 8-4 
52-0 8-0 


Rats 
aa — ’ 
Time after administration 


of [«-!4C]glycine Molar activity of porphyrin/ 


(days) molar activity of globin glycine 
0-5 5-4 
3-0 i 8-2 
7-0 7-0 

14-0 6-8 


21-0 8-3 


Table 4. Comparison of radioactivities of products of oxidation of mesoporphyrin* 


(The distribution of radioactivities was obtained by multiplying the molar activities shown in the second line by 2 in 
the case of haematinic acid and methylethylmaleic acid, and by 6 in the case of barium carbonate.) 


Mesoporphyrin 


methyl ester 
295-2+44-3 
175-2+2-6 


(100) 


Counts/min. 
Counts/min. x mol.wt. 


106 i can a 
Percentage distribution of radioactivity 


Haematinic Methylethylmaleic Barium 
acid acid imide carbonate 
108-7+1-2 145-5+42-4 71-4+40°7 
19-9+0-2 19-94+0-3 14-09+0-13 
22-72 22°77 48-27 


* Mesoporphyrin isolated from second rabbit diluted with inactive mesoporphyrin. 


maleimide was derived to an equal extent from 


rings A and B of protoporphyrin and the activity of 


haematinic acid from rings C and D. The unlikely 
possibility that only two rings, one of each type, and 
two methene carbon atoms were labelled was not 
completely excluded. The present results clearly 
justify the assumption made in the earlier interpre- 
tation and suggest that all four methene carbon 
atoms, all carbon atoms in the 2-positions of the 
pyrrolic rings (notation of Wittenberg & Shemin, 


between 5-2 and 5-6. These values are well outside 
the limits of variation found with the later samples. 
The possibility was considered that this was due to 
the complexity, and hence possible slowness of the 
reactions leading from glycine to either the methene 
groups or to the formation of the pyrrole rings. If 
one of these reactions were slow in relation to the 
other, a degradation of a porphyrin specimen ob- 
tained a few hours after administration of glycine, 
should reveal considerable differences in the relative 
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activities of the degradation products. Such an 
experiment (Table 4) carried out with a haemo- 
globin sample obtained 6 hr. after administration of 
labelled glycine gave results which were more or less 
identical with those obtained with a haemoglobin 
specimen obtained several days after administration 
of labelled glycine (Muir & Neuberger, 1950). In 
fact, agreement with theory was better than in the 
earlier experiments. It can therefore be concluded 
that the rates of conversion of the «-carbon atom of 
glycine to the methene groups and its incorporation 
into the pyrrolic rings must be of similar magnitude. 
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The incorporation of labelled glycine 
and valine into stromatin 


The quantities of stromatin available were rather 
small and thus only about 2—3 mg. of DNP-glycine 
and DNP-valine were obtained in most cases; how- 
ever, the samples were chromatographically pure and 
had correct melting points. The DNP-derivatives 
were diluted as described in Table 6 and the 
accuracy of the activity measurements is somewhat 
lower than with the globin samples. Comparison 
between the activity-time curves of the two amino- 


Table 5. Radioactivities of DN P-valine isolated from terminal and non-terminal positions of rat globin 
samples obtained at various intervals after administration of labelled valine and glycine 


(Values for molar activity of globin glycine were taken from Table 2.) 


Time after 





administra- Ratio of Ratio of 
tion of Radioactivity of Radioactivity of molar activity Molar molar activity 
labelled terminal valine non-terminal valine of terminal activity of glycine 
amino-acids ; ‘ \¢ NW ~ over non- of glycine over non- 
(days) | (Counts/min.) Molar activity (Counts/min.) Molar activity terminal valine from globin terminal valine 
0-5 S.L. S.L. 29-15 8-3 S.L. 17-7 2-13 
1-0 33-1 9-36 33-1 9-36 1-00 17-0 1-82 
3-0 74-2 21-1 76-1 21-5 0-98 30-15 1-40 
7-0 58-1 16-5 59-5 16-8 0-98 25-2 1-50 
14-0 102-7 29-2 102-0 29-1 1-00 32-8 1-13 


8.L., sample lost. 


The rate of incorporation of valine into globin 

Table 5 shows that the rates of incorporation of 
radioactive valine in terminal and non-terminal 
positions of the peptide chains of the globin molecule 
are identical. The very small differences found were 
well within the limits of error of counting. A com- 
parison between the activities of glycine and of 
valine obtained from the same globin samples 
indicates that the ratio of the two activities de- 
creases somewhat with time. A very similar change 
was found in a comparison of a change of ratio of 
the activities with time in the case of stromatin 
(Table 7). 


The incorporation of u-[a-'4C]lysine into globin 


This experiment was carried out with material of 
relatively low specific activity ; moreover, the total 
activity injected was small. The counting errors in 
the early samples were therefore large. The following 
values (counts/min.) on disks of 2sq.cm. were 
obtained on samples of t-lysine-dihydrochloride 
(infinite thickness): 2 hr., 0; 6 hr., 3-3; 10 hr., 4-5; 
14hr., 15-2; 19 hr., 31-5; 24 hr., 38-4; and 29-5 hr., 
52-6. (The times in hours indicate the intervals 
between administration of lysine and collection of 
samples.) The protoporphyrin methyl ester isolated 
from the haemoglobin sample which had been 
collected 29-5 hr. after administration of labelled 
lysine was completely inactive. 





acids in globin and stromatin shows that the 
activities of both the DNP-glycine and the DNP- 
valine obtained from the 12 hr. stromatin specimens 


Table 6. Radioactivities of DN P-glycine isolated from 
stromatin samples obtained at various intervals 
after simultaneous administration of labelled gly- 
cine and valine 


(The amounts of DNP-glycine obtained from stromatin 
were generally too small to be counted directly under con- 
ditions of ‘infinite thickness’. The specimens after re- 
crystallization were therefore dissolved in ether; a known 
amount of unlabelled DNP-glycine was added to a solution 
of the labelled DNP-glycine which had also been carefully 
weighed. The mixture was then evaporated to dryness and 
the crystalline residue counted. The dilution was generally 
threefold. The molar activities given have been corrected 
for this dilution effect. Values for molar activity of globin 


zlycine were taken from Table 3.) , 
“ Ratio of molar 


Time after activity of 


administration Molar Molar globin glycine 
of labelled activity of activity of over that of 
amino-acids  stromatin globin stromatin 
(days) glycine glycine glycine 
0-5 6-15 17-7 2-9 
3-0 40-1 30-15 0-75 
7-0 23-2 25-2 1-09 
14-0 25-0 32-8 1-31 


were very low compared with the corresponding 
values of globin (‘Tables 6 and 7). In the case of 3-day 
specimens the activities of the stromatin samples are 
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higher, to fall again relative to globin in the 1-week 
and 2-week samples. It is interesting that the ratios 
of the molar activities of valine and of glycine in 
stromatin and globin respectively were so similar 
for identical time intervals. 


DISCUSSION 


The interrelationship between the formation 
of porphyrin and that of globin 


It is generally agreed that both components of the 
haemoglobin molecule, i.e. haem and globin are 
synthesized in the maturing erythrocyte. From 
microscopic observation it had been known for some 
time that the appearance of pigment occurs re- 
latively late in the development of the red cell, and 
recently Thorell (1947) has shown by the use of 
spectroscopic methods that formation of the bulk of 
the protein precedes the synthesis of porphyrin. The 
methods used by Thorell, which depend on selective 
ultraviolet absorption, did not enable him to 
demonstrate that this protein is in fact globin or 
chemically related to globin and the sequence of the 
two processes, formation of globin and of porphyrin, 
cannot be deduced from these observations. Ex- 
periments done in vitro with homogenates of spleen 
and bone marrow of rabbits and rats (Richmond, 
Altman & Salomon, 1951) and in vivo, with rats 
(Salomon, Altman, Casarett & Noonan, 1949), have 
shown that exposure of the living animal to X-rays 
affects the synthesis of haem and of globin to a 
different extent. Thus it appears that the two pro- 
cesses are largely independent of one another, 
although they occur in the same cell and lead to a 
common end product, haemoglobin. 

The relative rates of incorporation of radioactive 
carbon derived from «-labelled glycine into the 
porphyrin and globin, respectively, have already 
been measured in the rat by Altman, Casarett, 
Masters, Noonan & Salomon (1948) who followed the 
isotons contents of the two components over a 
considerable period of time. However, their results 
are not easy to interpret quantitatively, since only 
the activity of the globin and not that of the glycine 
was determined. The glycine originally administered 
will give rise to activity in other amino-acids and the 
fraction of the radioactivity of the whole protein not 
due to glycine is likely to increase with time. In the 
present experiments a crystalline glycine derivative 
was isolated and its activity compared with that of 
porphyrin. It was found both in the rat and rabbit 
(at least with samples obtained 24 hr. or more after 
administration of the labelled glycine), that the 
ratios of the molar activities of glycyl residue in 
globin and of the porphyrin were within + 15% of 
a constant value. This result is to be expected on the 
basis of the concept of the steady state, provided 
that the two components are formed from the same 
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glycine ‘pool’. The postulate of the steady state 
requires that both the amounts of the substances 
under consideration and their rates of synthesis 
from the common precursor should be constant 
during the period of the experiment. As already 
pointed out, the fact that this ratio of molar activi- 
ties is approximately 8 agrees well with current 
theories which assume that eight carbon atoms of 
protoporphyrin are exclusively derived from the 
«-carbon atom of glycine. 

With haemoglobin samples obtained 6 or 12 hr. 
after administration of labelled glycine, the molar 
activity of the porphyrin was only about 5-0 to 5-5 
times higher than that of the DN P-glycine. This high 
isotope content of the globin glycine relative to that 
of the porphyrin found with the early samples could 
be explained by assuming that the newly formed 
labelled globin combines with preformed unlabelled 
haem. However, this deduction, which implies that 
porphyrin formation precedes globin synthesis, is 
only valid if the times required for the incorporation 
of the labelled «-carbon atom of glycine into the 
various positions of the porphyrin moiety and of the 
glycyl residue of the globin are the same. It is 
possible that since the reactions which lead from 
glycine to protoporphyrin or haematin are more 
complex than the incorporation of the glycine 
residue into globin, the former reactions will take 
longer. Hence the first cells which appear in the 
circulation after administration of glycine, will 
contain a higher proportion of isotope in the globin 
than in the haem. The time relationships in relative 
activities will also be affected by the size of the 
‘pools’ of the glycine, the protoporphyrin and the 
various intermediates, and in the absence of any 
knowledge on these points it would be hazardous to 
draw conclusions from the differences observed. In 
any case the relatively high labelling found in these 
early samples suggests that both components are 
synthesized at a relatively late stage in the develop- 
ment of the red cell. 


The rate of incorporation of labelled valine 
and glycine into globin 


The rate at which labelled amino-acid residues 
appear in the haemoglobin of circulating red cells is 
determined by a number of factors. The time re- 
quired for the synthesis of the protein from the 
amino-acids is probably quite short, but the interval 
between the synthesis of haemoglobin in the ery- 
throblast and the release of the reticulocyte from 
the bone marrow may vary between species and may 
not be constant for different red cells of the same 
animal. Moreover, haemoglobin formation occurs 
with varying intensity during different morpho- 
logical stages in the development of the cell and thus 
the activity-time curves of the amino-acids obtained 
from haemoglobin of circulating erythrocytes do not 
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accurately reflect the rate of incorporation of the 
labelled amino-acids into globin. But apart from 
these factors which are concerned with the physio- 
logy of the cell, we must also consider the changes in 
activity of the free intracellular amino-acids which 
are presumably the direct precursors of the protein. 
The isotope content of the free amino-acid will rise 
very quickly, on parenteral administration, to a 
maximum, at least in actively metabolizing and 
highly vascularized tissue such as bone-marrow. 
This will be followed by a sharp decrease in isotope 
content owing to the occurrence of fast metabolic 
reactions and distribution of the amino-acid over 
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5 pe./100 g. as compared with 3-5 ywe./100 g. for DL- 
valine. A difficulty in interpreting the observed 
relative dilution factors arises from the fact that the 
injected valine was racemic and the exact proportion 
of the p-isomer which is inverted and becomes 
available for protein synthesis is unknown. An 
inversion in the case of leucine was demonstrated 
by Ratner, Schoenheimer & Rittenberg (1940), and 
the same probably applies to valine. However, the 
nutritional experiments of Rose (1938) suggest that 
such an inversion, if it takes place, is inconsiderable 
in the rat. Allowing for the difference in dosage and 
assuming that p-valine is not inverted to a signifi- 


Table 7. Radioactivities of DN P-valine isolated from rat stromatin samples which had been collected 
at various intervals after administration of labelled valine and glycine 


(Dilution of samples was done as described in Table 6. The molar activities are corrected for dilution. Values for molar 
activities of globin valine and stromatin glycine are given in Tables 5 and 6 respectively.) 


Time after 
administration of 
labelled amino-acids 


Molar activity 
of DNP-valine 


Molar activity 
of DNP-valine 


Ratio of 
molar activity of 
stromatin glycine 


Ratio of 
molar activity of 
valine from globin 


(days) from stromatin from globin over that of stromatin over stromatin valine 
0-5 3°7 8-3 2-2 1-66 
3-0 28-8 21-5 0-73 1-39 
7-0 18-8 16-8 0-88 1-23 
14-0 22:3 29-1 1-31 1-08 


tissues with relatively low permeability. During the 
third period the isotope content will probably 
decrease relatively slowly to an asymptotic value of 
zero (for discussion, see Arnstein & Neuberger, 
195la). Thus some of the factors which will de- 
termine the change of isotope content of one parti- 
cular amino-acid in a given cell are the following: 
permeability characteristics of the tissues for the 
compound under consideration, the rate of con- 
version to other substances, the rates of protein 
formation and of synthesis of the amino-acid from 
unlabelled precursors. It can be expected that these 
factors will operate in a quantitatively different 
manner with different amino-acids. Valine, for 
example, cannot be synthesized by the animal and 
dilution will therefore be largely due to dietary in- 
take and liberation of the amino-acid by hydrolysis 
of proteins. Glycine, on the other hand, is syn- 
thesized at the rate of about 2 m-moles/100 g. of rat 
(Arnstein & Neuberger, 19516) and it can be pre- 
dicted that the isotope content of the free amino- 
acid will decrease more rapidly with time than that 
of valine. It is expected, therefore, that the specific 
activity of the valine incorporated into protein per 
unit time should decrease more slowly than that of 
glycine. This prediction is borne out by the data 
presented in Tables 5 and 7 which show that the 
ratios of the activities of DNP-glycine to DNP- 
valine tend to decrease with time both in globin and 
stromatin. 

The dose of radioactive glycine injected was 


cant extent, the data of Tables 5 and 7 suggest that 
radioactive glycine is diluted between two or three 
times as much as valine, the ratio changing with 
time for reasons discussed above. 

It was found that the ratio of the activities of the 
terminal valine to that of the non-terminal valine 
was unity and this suggests that both types of 
residue are incorporated into globin at approxi- 
mately the same time. We do not know how far the 
two types of valine are separated from one another 
in the peptide chains of the globin molecule, but 
unless all or most of the valine groups are situated 
near the end of the chain the results suggest that the 
average time interval between the synthesis of a 
peptide involving a valine residue in terminal posi- 
tion and that of a peptide involving a valine residue 
in a non-terminal position is very short compared 
with the rate of decrease of isotope content in the 
free valine of the cell. These findings are compatible 
with either a mechanism of globin synthesis in- 
volving simultaneous condensation of amino-acids 
or, more probably, a process of rapid successive 
condensations involving intermediates of relatively 
short life. Anfinsen & Steinberg (1951) have 
recently found a considerable difference in isotope 
content between aspartic acid residues present in 
a peptide which is liberated from egg albumin 
during the conversion of the latter to plakalbumin 
and the aspartic acid residues present in the rest of 
the albumin molecule. It is possible that this 
system represents a special case or that different 
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mechanisms of synthesis operate with different 
proteins. Further work with homogeneous proteins 
is obviously required before any more general con- 
clusions can be drawn. 

The findings reported here with respect to the 
isotope contents of the protein and porphyrin after 
administration of labelled lysine indicate definitely 
that lysine is not a specific precursor of any part of 
the porphyrin molecule. This conclusion is in com- 
plete agreement with the theory based on degrada- 
tion experiments that glycine and glutamic acid, or 
their derivatives, are the only specific precursors of 
protoporphyrin (see Neuberger, Muir & Gray, 1950; 
Shemin & Wittenberg, 1951). The finding of Altman, 
Miller & Richmond (1950) that labelled lysine gives 
rise to labelling in protoporphyrin may be ex- 
plained, as already suggested by Altman e¢ al. 
(1950), by conversion to glutamic acid which has 
been shown to occur (Miller & Bale, 1949). 


The metabolic behaviour of stromatin 


The experiments with stromatin were done in 
order to find out whether the proteins of the cell 
membrane are as inert metabolically as haemo- 
globin. The results obtained are not conclusive. The 
protein mixture termed stromatin is obviously very 
heterogeneous and may not comprise all the proteins 
of the membrane and may also contain proteins 
derived from the interior of the cell. The low isotope 
contents in the first glycine (Table 6) and valine 
sample (Table 7) compared with the corresponding 
values for globin indicate that the bulk of the pro- 
teins of this fraction are formed earlier than the 
haemoglobin. The values found in the other experi- 
ments are not greatly different from those observed 
for globin and this suggests that the bulk of the 
proteis comprising this fraction are, once formed, 
metabolically as inert as haemoglobin. If stromatin 
contained a large fraction with a turnover rate 
similar, for example, to that of plasma proteins, we 
should have found initial isotope contents very 
much higher than those of globin. The apparent 
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decrease in activity relative to that of globin which 
was observed with both glycine and valine, may 
indicate that stromatin contains a fraction which is 
in the dynamic state even in the mature cell. How- 
ever, the present data are not sufficient for definite 
conclusions to be drawn. 

Most of the results given here have already been 
presented by one of us at an isotope conference 
(Neuberger, 1951). The present data, however, are 
more extensive and the interpretations have been 
slightly modified. 


SUMMARY 


1. The incorporation of [«-“C]glycine into the 
protoporphyrin and globin moieties of the haemo- 
globin of rats and of a rabbit has been determined at 
various intervals of time after administration of 
glycine. Labelled valine was also administered to the 
rats. 

2. After intervals of time greater than 24 hr. the 
molecular radioactivity of protoporphyrin was 
approximately 8 times greater than that of the 
glycine isolated from the same sample of haemo- 
globin, in agreement with current theories of haem 


synthesis. After shorter time intervals smaller 
values were obtained. Possible explanations are 
discussed. 


3. Valine was also isolated from the ‘end- 
groups’ and remainder of the rat haemoglobin 
molecule. The radioactivities of both fractions were 
identical at all intervals of time. The implications of 
this finding are discussed. 

4. The relative radioactivity of glycine to that of 
valine isolated from haemoglobin and from the 
heterogeneous protein ‘stromatin’ decreased as time 
went on. This is attributed to increasing dilution of 
radioactive glycine by endogenous synthesis. 

5. The isotope contents of glycine and valine 
isolated from ‘stromatin’ and haemoglobin were 
compared. It is concluded that stroma proteins are 
formed earlier and are for the most part as meta- 
bolically inert as haemoglobin. 
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Lignin in Young Plants 


By HANAN MEYER* anp A. BONDI 
Agricultural Research Station, Rechovot, Israel 
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In a previous communication (Bondi & Meyer, 1948) 
we showed that lignins extracted by alkali (‘alkali 
lignin’) from annual plants yield a number of 
aromatic degradation products similar to those 
obtained from wood lignins. The preparation of 
lignin from faeces collected from sheep fed one plant 
exclusively was used to investigate the changes 
occurring in lignin during digestion in the ruminant 
body. It was found that the lignin molecule is not 
attacked to any appreciable degree during its 
passage through the animal body. It was found, 
however, that the alkali-extractable lignins differed 
considerably both in yield and composition from 
those obtained by the usual methods using acid (cf. 
Bondi & Meyer, 1943). The aim of the experiments 
described in this paper was, therefore, to investigate 
the influence of various hydrolytic treatments of the 
starting materials used for the preparation of 
alkali-extractable lignins and of the isolated lignins 
on their composition. Furthermore, an attempt was 
made, by studying methylation of the lignins with 
diazomethane and dimethyl sulphate, to draw 
conclusions with regard to the structure of the 
lignin building unit. 


1X PERIMENTAL 


Materials 


Barley. Barley was harvested at the age of 2-5 months 
and dried in air. The hay was used for lignin extraction, and 
part of it was fed to sheep as their only food. Their faeces 
were collected and lignin was extracted from them by the 
same methods as from barley. 

De-lintered cotton-seed hulls. In this case, lignin could be 
prepared only from the undigested material, since it proved 
impossible to maintain sheep on rations containing only 
cotton-seed hulls. 


* Present address: Department of Biological and Colloid 
Chemistry, The Hebrew University, Jerusalem, Israel. 


Methods 


The extraction and purification of lignins extracted by 
alkali, their methylation with diazomethane and dimethyl 
sulphate and the method of methoxyl determination have 
been described previously (Bondi & Meyer, 1948). Acid- 
processed lignins were prepared by the method of Kalb 
(1932) by treating the starting materials with a mixture of 
HCland H,SO,. Samples of 1 g. were used throughout, since 
lignin prepared by the acid method in larger batches often 
showed marked inhomogeneity and the batches differed 
widely in composition. 

Hydrolytic treatment of the starting materials 

(a) With dilute H,SO,. 300g. plant or faecal material 
(finely ground and passing a 0-5 mm. sieve) were suspended 
in 200 ml. of 0-5n-H,SO, and heated under reflux, with 
stirring for 6 hr. The mixture was then filtered through 
cheesecloth and washed free from acid with hot water. The 
residue was dried in air and used for the preparation of 
alkali-extractable lignin. 

(b) By heating with water under pressure. Finely ground 
plant or faecal material (300 g.) was suspended in 21. of 
water and autoclaved at 210° for 2 hr. The mixture was 
filtered through cheesecloth, washed with 61. of hot water 
on the filter and the residue was dried and used for the 
preparation of alkali-extractable lignin. (Attempts to 
hydrolyse plant and faecal material with N- or 2N-acid at 
210° failed owing to extensive decomposition and charring 
of the materials together with the formation of ether-soluble 
degradation products, mostly phenols, presumably from the 
lignin.) 

Hydrolytic treatment of the isolated lignins 

(a) By heating with dilute H,SO,. Isolated lignins remain 
unchanged when refluxed with 0-5N-acid; they were there- 
fore treated with the acid at higher temperatures in the 
following manner: lignin (15 g.) was suspended in 200 ml. of 
0-5N-H,SO, and heated for 1 hr. at 150° in a glass-lined 
autoclave. After cooling the lignin residue was filtered off, 
washed free from acid and dried in air. 

(b) By heating with water. Lignin (20 g.) was suspended in 
200 ml. of water and autoclaved at 210° for 2 hr. The lignin 
residue was filtered off, washed free from acid and dried. 
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Degradation reactions 


Treatment of the lignin with alkali under pressure. Lignin 
(20 g.) was dissolved in a mixture of 200 ml. of water and 
50 ml. of 12N-NaOH and autoclaved at 155° for 2 hr. The 
temperature was then raised to 210° and kept there for 1 hr. 
After that the reaction mixture was allowed to cool. The 
solution was then acidified with 20% (v/v) H,SO, to pre- 
cipitate the unreacted lignin. Both the solution and the 
precipitate were exhaustively extracted with ether, the 
ether solution was dried with Na,SO, and evaporated. The 
residue was weighed, redissolved in ether and separated into 


Table 1. 
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between them, apart from the lower nitrogen 
content of the cotton-seed-hull lignin. 

Cotton-seed lignin has also a lower initial 
methoxyl content than either lignin derived from 
barley (cf. Smith & Purves, 1944). After methyla- 
tion, however, cotton-seed-hull lignin shows ap- 
proximately the same values as barley lignin. The 
conclusion seems therefore justified, that cotton- 
seed-hull lignin does not differ from the others in its 
number of hydroxyl groups, but only in the degree 
of methylation. 


Methoxyl and nitrogen content of the lignins as percentage of dry, ash-free material 





Treatment 
Cc NR 
No. Source Starting material 
1 Barley Standard ‘alkali lignin’ 
2 Dilute acid 
3 Water, 210° 
4 = 
5 = 
6 ee 
7 a 
8 a 
9 Cone. acid 
(acid-process lignin) 
1] Faeces Standard ‘alkali lignin’ 
12 Dilute acid 
13 Water, 210° 
14 — 
15 — 
16 — 
17 _— 
18 — 
19 Cone. acid 
(acid-process lignin) 
21 Cotton-seed hulls Standard ‘alkali lignin’ 
22 Dilute acid 
23 Water, 210° 
24 —_— 
25 — 
26 -— 
27 _— 
28 _ 
29 Cone. acid 


(acid-process lignin) 


OMe* 
0 
N (1) (2) (3) 
Isolated lignin (%) (%) (%) (%) 
—- 1-4 8-7 20-3 24-3 
— 1-5 6-3 15-8 18-1 
— 1-6 4-7 13-6 16-8 
Dil. acid 1-4 7-0 17-3 21-9 
Water, 210° 16 7-2 13-4 16-2 
Alkali, 210° 1:3 7-4 14-6 19-1 
KIO, 1-9 4-4 13-7 13-9 
Cone. acid 1-5 8-6 20-2 24-0 
— 0-6 4:3 7-6 14-9 
— 1-4 8-5 20-6 21-0 
1-5 6-6 16-5 19-0 
—- 1-6 4-4 14:1 16-8 
Dil. acid 1-4 8-0 16-1 20-4 
Water, 210 1-6 7:8 15-0 17-0 
Alkali, 210 1:3 6-8 19-3 19-6 
KIO, 2-6 4:3 14-0 14:3 
Cone. acid 1-4 8-5 20-4 21-0 
— 0-9 1-6 7-6 14:0 
— 0-8 6-0 20-5 24-2 
— 0-8 5-1 15:3 19-5 
— 1-0 4:3 13-5 15-2 
Dil. acid 0-7 5-2 18-4 21-5 
Water, 210° 0-8 5:8 14-9 19-2 
Alkali, 210° “§ 5-0 14-8 18-7 
KIO, 1-2 4-4 13-8 14-0 
Cone. acid - 5-9 20-0 24-1 
_— 0-2 1-2 5-1 14-3 


* Methoxyl contents: (1) initial; (2) after methylation with diazomethane; (3) after methylation with dimethyl sulphate. 


phenolic, acidic, aldehydic, and neutral fractions by 
methods previously described (Bondi & Meyer, 1948). The 
unreacted, ether-extracted lignin was suspended in 100 ml. 
of water, boiled for 2 min. filtered off, washed with water 
and dried. 


RESULTS 


The original nitrogen contents and the methoxyl 
contents of the lignins before and after methylation 
with diazomethane and dimethyl sulphate are 
given in Table 1. 

Ingnins from different plant sources. The ele- 
mentary analyses of the three lignins investigated 
{see Table 2) do not show any significant differences 


The nitrogen content of the lignins. As in the lignins 
investigated before (Bondi & Meyer, 1948), no 
treatment could produce nitrogen-free lignins. 


Table 2. Elementary composition of lignins 
(in percentage of dry, ash-free material) 


Source N C H O 


Barley (1) 1-40 63-3 5-7 29-6 
Faeces (11) 1-40 63-8 5-2 29-6 
Cotton-seed hulls (21) 0-80 63-6 5-4 30-2 


Some treatments, like that with water at 210°, even 
raised the nitrogen content of the lignins, probably 
by attacking preferentially the nitrogen-free part 
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of the molecule. We therefore feel justified in up- 
holding our previous contention that the nitrogen 
content of the lignins is not due to contamination 
with proteins and that nitrogen atoms form an 
integral part of the lignin molecule. Man & Heus 
(1950) have described lignins containing nitrogen 
and yielding amino-acids on hydrolysis (cf. also 
Thomas & Armstrong, 1949). We have often ob- 
served this phenomenon in impure lignins which 
initially contained 2-5-3-0% of nitrogen. When 
these were hydrolysed under conditions usually 
employed for protein hydrolysis, amino-acids could 
be found among the hydrolysis products, and deter- 
mined quantitatively by the Sorensen and Pope- 
Stevens methods. When lignins are repeatedly dis- 
solved and reprecipitated from acid, the initially 
high nitrogen content falls until it attains a constant 
value which cannot be lowered by any hydrolytic 
treatment. When this state is reached, no amino- 
acids can be found among the hydrolysis products. 
All nitrogen values reported in this paper are such 
end values. The lignin prepared by Man & Heus, by 
our method, which contained 8-8 % nitrogen, seems 
to have been a preparation grossly contaminated 
with protein. 


Acid-process lignins 


Lignins obtained by the treatment of plant 
materials with concentrated acid differ considerably 
both physically and chemically from the alkali- 
extractable lignins. In contrast to the light brown, 
alkali- and ethanol-soluble ‘alkali lignins’, ‘acid 
lignins’ are black substances, insoluble in ethanol 
and only slightly soluble in dilute alkali. Very often 
‘acid lignins’ still show the structure of the plant 
material from which they have been prepared. 
‘Alkali lignins’ are generally obtained in yields of 
3-7%, whereas yields of ‘acid lignin’ are much 
higher, in general 9-20 %. The methoxy] and nitro- 
gen contents are much lower than those of ‘alkali 
lignins’ prepared from the same starting materials, 
with the exeption of the methoxyl value obtained 
after methylation with dimethyl sulphate, which 
remains comparatively high. The reason is probably 
that ‘acid lignins’ are condensation products of the 
lignins proper with carbohydrate materials (Norman 
& Jenkins, 1934) probably hemicelluloses which 
contain no nitrogen or methoxyl, but contribute a 
number of alcoholic hydroxyl groups. Condensation 
between lignin and hemicellulose affects all the free 
hydroxyl groups of the lignin, thereby abolishing 
the solubility in ethanol and alkali. The high lignin 
yields obtained by treating plant tissues with con- 
centrated acids can therefore give no measure of the 
true lignin content. The assumption that condensa- 
tion reactions take place during acid treatment was 
tested by treating plant materials from which the 
lignin had already been extracted by alkali with 
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72% (v/v) sulphuric acid and with hydrochloric- 
sulphuric acid mixture, according to the method of 
Kalb (1932). Black substances were obtained which 
were in appearance indistinguishable from ‘acid 
lignins’ but which contained no methoxy] and gave, 
on degradation with nitrobenzene and alkali, no 
vanillin, a substance given by the oxidative de- 
gradation of all true lignins. Isolated lignins are, 
however, not affected by treating them with cold 
concentrated acids. (Compare lignins nos. 8, 18 and 
28 in Table 1 with lignins nos. 1, 11 and 21.) Similar 
results were reported by Kudzin & Nord (1951). It 
is our opinion that, in order to obtain reliable 
analytical lignin determinations, carbohydrates, 
especially hemicelluloses, must be removed as com- 
pletely as possible from plant tissues before they are 
subjected to the influence of strong acids. 


The influence of the various hydrolytic 
treatments on the lignins 


We have reported previously that dilute alkali 
extracts a lignin-hemicellulose complex which is 
easily hydrolysed by dilute acid. This observation, 
together with the high initial methoxy] values of the 
‘alkali lignins’ (obtained without any treatment of 
the starting materials prior to the lignin extraction), 
shows that alkali extraction is one of the mildest 
methods for lignin isolation, since it leaves even the 
weak lignin-hemicellulose bonds and _ acetalic 
methyl groups intact. We therefore regard the 
‘alkali lignins’ as comparatively unchanged (lignins 
nos. 1, 11 and 21 in Table 1) and refer to them as 
‘standard lignins’. 

The changes brought about by the various treat- 
ments both of the starting materials and of the 
isolated lignins seem all to affect hydroxyl groups. 
When plant materials are subjected to acid treat- 
ment (or water at high temperatures, which has a 
similar effect) the lignin-hemicellulose bonds open 
and hydroxy] groups previously blocked are set free. 

Both acid and high temperatures seem to favour 
condensation reactions involving the hydroxyl 
groups previously set free. Consequently all 
lignins prepared from pre-treated starting materials 
have fewer free hydroxyl groups than those pre- 
pared from untreated starting materials. This is 
shown by the fact that all methoxyl values obtained 
after methylation are always lower than the corre- 
sponding values in standard lignins. Diminution of 
the number of free hydroxyl groups in lignin is 
effected by all treatments, and the differences 
between the various treatments seem to be in degree 
rather than in kind. Mere digestion in the animal 
body influences mainly side-chain (aliphatic) 
hydroxy] groups (which are methylated by dimethyl] 
sulphate only). In faeces lignin, therefore, the 
differences between the methoxyl values obtained 
after methylation with diazomethane and dimethyl 
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sulphate found in barley lignin (lignin no. 1), have 
almost entirely disappeared. This effect had pre- 
viously been observed in a number of plant materials 
(ef. Bondi & Meyer, 1948). When, however, the 
starting materials were pretreated with acid or 
water at high temperature, both aliphatic and 
aromatic hydroxyl groups take part in condensation 
reactions, consequently both the diazomethane and 
dimethyl-sulphate methylation values of all lignins 
prepared from pretreated starting materials are 
lowered considerably. In addition, pretreatment 
of the starting materials removes part of the ali- 
phatic methyl groups originally present, here the 
influence of water at high temperatures is greater 
than that of acids. Disappearance of free hydroxyl 
groups was the main effect caused by the treatment 
of isolated lignins with the different hydrolysing 
agents, hydrolysis with water at 210° being the most 
effective. It lowered both the diazomethane and the 
dimethyl-sulphate methylation values more than 
any other treatment. 

It has been assumed that condensation reactions 
are responsible for the lowering of methoxy] values 
obtainable by methylation of the lignins subjected 
to the different treatments. This assumption was 
preferred to the alternative one that hydrolysis splits 
off both aliphatic and aromatic hydroxyl groups. 
The splitting off of aromatic hydroxyl is, under the 
conditions employed by us, a very improbable re- 
action, and the splitting off of side chains would 
inevitably lead to the formation of low-molecular 
degradation products, since it is generally assumed 
that by condensation reactions between these side 
chains the peculiar structure of the lignin molecule is 
achieved. 

The assumption of condensation reactions 
between hydroxy] groups leading to the formation of 
C—O—C bonds was tested by treating the lignins 
with hydriodic acid, which, by opening the bonds, 
would lead to the reappearance of hydroxyl] groups. 
The lignins were refluxed in 2 g. portions with 20 ml. 
hydriodic acid solution (sp.gr. 1-71) for 4 hr. The 
residual lignins were filtered off, washed and dried 
and methylated with dimethyl sulphate. Table 3 
shows that in every case products richer in methoxy] 
were obtained by methylation of lignins treated 
with hydriodic acid, than by the same methylation 
of the original lignins. Additional hydroxyl groups 
have therefore appeared as a result of the hydriodic 
acid treatment. 

No increase in methoxyl could, however, be ob- 
tained when lignins were oxidized with potassium 
periodate and afterwards treated with hydriodic 
acid. Periodate oxidation apparently leads in the 
case of the lignin to the oxidative removal of side 
chains containing both hydroxyl and methoxyl 
groups (see Wald, Ritchie & Purves, 1947). As a 
result, lignins so treated have no more condensed 
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hydroxy] groups which can be set free by hydriodic 
acid treatment. Furthermore, the initial methoxy] 
content is lowered to approximately one half its 
former value owing to the loss of side-chain 
methoxy] and the diazomethane methylation value 


Table 3. Methoxyl values after methylation with 
dimethyl sulphate of lignins treated with hydriodic 
acid 

OMe 
(after treatment with 
HI and subsequent 


OMe 
(after methylation 


Lignin with dimethyl methylation with 

no. sulphate) dimethyl] sulphate) 
3 16-8 21-4 
13 16-8 21-5 
23 15-2 21:3 
5 16-2 20-9 
15 17-0 21-0 
25 19-2 21:8 
7 13-9 14-3 
17 14:3 14-3 
27 14-0 14-4 


approaches a limiting value between 13 and 14%, 
which is in all probability attributable to aromatic 
hydroxyl. 
Degradation reactions 

Potassium periodate oxidation led to the forma- 
tion of formaldehyde, as was to be expected. 
Formaldehyde was identified by its reaction with 
chromotropic acid and its dimedone derivative, but 
formic acid could not be detected. Degradation of 
the lignins by heating them with alkali under 
pressure led to the formation of aromatic degrada- 
tion products which were separated into an alde- 
hydic, acidic, phenolic and neutral fractions by 
methods previously described (Bondi & Meyer, 
1948). By repeated alkali treatment the yield of 
aromatic degradation products could be increased 
to about 25%. No new degradation products were 
identified. 

The structure of the lignins 


That the phenylpropane unit (C,—-C,) forms the 
backbone of the wood-lignin building units seems 
now to be well established by the investigations of 
Hibbert (1942) and Freudenberg (cf. Freudenberg, 
Sohns & Janson, 1935). Support is also given by the 
work of Phillips & Goss (1932) and of ourselves 
(Bondi & Meyer, 1948). The experimental results 
presented in this paper will therefore be discussed 
under the assumption that the basic lignin structural 
unit is a phenylpropane derivative, substituted in 
the ring by OH and/or CH, groups and containing 
in its side chain alcoholic and enolic OH groups and 
probably also aldehyde or keto groups (cf. Brauns, 
1939). 

One half of the initiak methoxyl content of the 
lignins is apparently contained in its side chains, 
since it is removed by potassium periodate oxida- 
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tion, the remainder is aromatic, as appears from the 
presence of vanillin among the lignin degradation 
products. The side-chain methoxyl is probably 
acetalic, since it is resistant to alkaline hydrolysis, 
but it is easily split off by acid. Since it was pre- 
viously found (Bondi & Meyer, 1948) that every 
lignin building unit contains two methoxyl groups 
and yields vanillin on degradation, the total 
number of methoxyl groups initially present would 
be four, two aromatic and two aliphatic. (In cotton- 
seed lignin only three methoxyl groups are present, 
the fourth being unsubstituted OH.) The average 
percentage of initial methoxy] is 8-6 (lignins nos. 1 
and 11) thus making the molecular weight of a build- 
ing unit 1430, and the empirical formula C,,H,,0,,N. 
Deducting the four carbon atoms of the methoxy] 
groups leaves 72 carbon atoms, or eight C,—C, units. 
The average value of 20-4 % methoxy] after methyl- 
ation with diazomethane accounts for six additional 
(aromatic and enolic) hydroxyl groups. The in- 
crease in methoxy] after methylation with dimethyl 
sulphate to 24-25 % (average value of lignins nos. 1 
and 21) corresponds to the presence of two addi- 
tional (aliphatic) hydroxyl groups. The eight 
phenylpropane units forming the lignin building 
unit are supposed to be subdivided into units of 
four, connected by a nitrogen instead of an oxygen 
bridge, but not regularly, since the nitrogen content 
of the various lignins is more variable than that of 
the other constituents. Depolymerization of the 
lignin molecule seems to take place preferably 
at the nitrogen bridges, which explains the lower 
molecular weights found by us by cryoscopic deter- 
mination in naphthol, which is a depolymerizing 
agent. 
If the phenylpropane unit has the structure 
fo Tt? 
HO—< SN—c-0-6 
’ bon 
— OH OH OH 
CH,0 
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according to Freudenberg’s theory, it will follow 
that every such unit must be connected to the others 
by at least three oxygen bridges in order to corre- 
spond to the formula proposed in this paper. This 
would explain the extraordinary stability of the 
lignin molecule, which can be destroyed only by 
very strong reducing agents at high temperatures, 
such as hydriodic acid and phosphorus under 
pressure (cf. Willstaetter & Kalb, 1922). The exact 
mode of connexion between the phenylpropane units 
must, however, await further experimental elucida- 
tion. 


SUMMARY 


1. Alkali-extractable lignins (‘alkali lignins’) 
were prepared from barley, from faeces collected 
from sheep fed exclusively with barley, and from 
cotton-seed hulls. 

2. The materials used for lignin extraction and 
the isolated lignins were subjected to hydrolysis 
with dilute acid, water at 210° and alkali at 210°. 

3. From determinations of the initial methoxyl 
content and of the methoxyl] content after methyla- 
tion with diazomethane and with dimethy] sulphate, 
of all the lignins, the following conclusions were 
drawn: 

(a) All treatments with acid, including the con- 
ventional lignin determination methods, and treat- 
ment involving high temperatures, lead to extensive 
condensation reactions within the lignin molecule, 
through the aliphatic and aromatic hydroxy] groups. 

(6) Treatment with dilute alkali leaves lignin 
comparatively unchanged, treatment with stronger 
alkali and at temperatures over 100° leads to their 
gradual degradation. 

4. The nitrogen content of the lignins is not due 
to their contamination with protein. 

5. The lignins contained in the plants investi- 
gated are very similar, probably all containing the 
same phenylpropane basic structural unit. The 
structural details of the lignin molecule have been 
discussed in the light of the results obtained. 
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The more important methods used and the problems 
involved in the estimation of bilirubin in serum have 
been adequately reviewed in recent times by 
Lemberg & Legge (1949) and by King & Coxon 
(1950). The methods are of two types: those based 
essentially on the original van den Bergh technique 
for the so-called ‘indirect reaction’ (Thannhauser 
& Andersen, 1921; Haslewood & King, 1937), and 
those which promote coupling between van den 
Bergh reagent and bilirubin without precipitation of 
proteins. In the latter type, special catalysts or 
accelerators are employed, e.g. sodium benzoate and 
caffeine (Jendrassik & Cleghorn, 1936), urea and 
caffeine (Rappaport & Eichhorn, 1943), thereby 
avoiding the use of alcohol or other protein precipi- 
tants. Alternatively, alcohol is used in relatively 
low concentration in the presence of diluted serum 
in such a way that no precipitation occurs (Malloy 
& Evelyn, 1937). 

The main defect of the first type of method lies in 
the fact that, in the course of protein precipitation 
and its subsequent removal, considerable loss of 
either bilirubin or azobilirubin is incurred. On the 
other hand, methods of the second class suffer from 
the fact that the clarity of the final coloured solutions 
leaves much to be desired. In some cases, indirect 
bilirubin fails to react completely in a reasonable 
space of time (Gray & Whidborne, 1946). King & 
Coxon (1950), dissatisfied with the performance of 
the non-precipitation methods, have reverted to the 
original type of procedure with a modification which 
employs a higher dilution of serum and reagents in 
the presence of ethanol than is customary, thereby 
minimizing the loss of azobilirubin. 

We have investigated the van den Bergh reaction 
to see whether we could arrive at conditions whereby 
real clarity could be achieved in the final solution 
prepared for colorimetric analysis without recourse 
to any step involving separation of proteins, and 
at the same time utilize a reaction which would 
proceed rapidly to completion in all types of case, no 
matter what the form of bilirubin present. 

Rapid coupling of indirect bilirubin with the 
diazo reagent is achieved by use of urea-ethanol 
solutions in conditions which introduce only slight 
opacity, representing a very small degree of protein 
precipitation. This cloudiness completely disappears 
when concentrated phenol solution is added. Em- 
ployment of phenol in connexion with the develop- 


ment of a diazo colour requires considerable care. 
Regard must be paid to the necessity of inactivating 
the excess of diazo reagent before the phenol is 
added, and also to avoidance of the formation of any 
pink oxidation product from the phenol used. 

Following the observation of Lees (1950) that 
azide would react with the diazonium component of 
the Griess-Ilosva reagent to diminish the colour 
intensity produced by subsequent coupling with 1- 
naphthylamine, azide was tried as a simple means of 
inactivating excess of the van den Bergh reagent 
and was found highly effective. The addition, there- 
fore, of a trace of azide, and the removal of excess of 
nitrous acid by the usual sulphamate addition, 
overcome the objections to the introduction of 
phenol into the van den Bergh reactions, and allows 
the completion of a method which in practice has 
proved satisfactory in its application to all clinical 
cases so far investigated. 


METHOD 


Reagents 


Diazo reagent. Solution A, 1 g. of sulphanilic acid in 1 1. 
0-175N-HCl. Solution B, 0-5 g. NaNO, in 100 ml. of aqueous 
solution. 10 ml. of A are mixed with 0-3 ml. of B. After 
5 min. 1 ml. of 15% (w/v) ammonium sulphate is added, 
and the reagent used after standing a minimum of 3 min. 
A corresponding ‘blank’ reagent is made by substituting 
distilled water for solution B in the dizao reagent. 

Ethanol-urea solution. With the aid of heat, 25 g. of urea 
(A.R.) are dissolved in 100 ml. of 85 % (v/v) ethanol, filtered 
while still warm and kept in an incubator to prevent 
crystallization of urea. 

Sodium azide. Solid. 

Phenol solution. To 90 parts by weight of freshly re- 
distilled pure phenol are added 10 parts of water with 
stirring. 

Acid buffer solution. 29-41 g. of sodium citrate 
(Na,.C,H,O,.2H,O A.R.) are dissolved in 0-2N-HCl to a 
volume of 500 ml. 200 ml. of this buffer are made up to 
500 ml. with distilled water. 

Neutral buffer solution. Sodium citrate (5-0 g. A.R.) is 
dissolved in distilled water and made up to 100 ml. 


Procedure 


In each of two glass-stoppered test tubes of 10 ml. 
capacity place 0-5 ml. of serum. To the first add 0-5 ml. of 
van den Bergh diazo reagent-sulphamate solution, and to 
the second, add 0-5 ml. of the corresponding blank reagent. 
Place both tubes in a beaker containing ice-cooled water. 
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Add to each 2-2 ml. of ethanol-urea solution, followed by 
0-2 ml. of CHCl,. Mix and keep ice-cooled for 10 min. Add 
a tiny fragment of azide (about 0-2 mg.) to each tube. Shake 
to dissolve, and then add 0-1 ml. of neutral citrate buffer and 
mix. Finally add 2-5 ml. of the phenol solution. Stopper 
each tube securely and shake vigorously until a clear solution 
is obtained. Read the van den Bergh colour against that 
produced by the blank reagent in the photoelectric colori- 
meter using a green filter. (In routine work the Biochem 
absorptiometer, standard test tubes, and a Chance green 
filter OG1 (maximum transmission 520-540 mp.) have 
been used, but the data obtained have been further sub- 
stantiated by the supplementary use of the Spekker 
absorptiometer with Ilford filter 604.) 

Where the serum bilirubin exceeds 8 mg./100 ml. the 
determination is repeated using serum suitably diluted with 
acid buffer. 

Calibration 


Pure bilirubin (Hoffman-La Roche) was used as the 
standard preparation for calibration purposes. Compared 
with other readily available commercial samples, it had a 


40 


30 


20 


Reading (E x 100) 


10 


2 a 6 
Bilirubin (mg./100 ml.) 


Fig. 1. Calibration curve. Spekker absorptiometer with 
Ilford filter 604 and 1 cm. cells. 


higher chromogenic power, which could not be increased by 
attempts at further purification using chromatographic 
methods and recrystallization. Moreover, it was previously 
used in this type of work and found satisfactory by earlier 
workers (Malloy & Evelyn, 1937; Gray & Whidborne, 1946). 

Pure bilirubin (10 mg.) was dissolved in 100 ml. of CHCI,, 
and graded dilutions in CHCl, were prepared from this stock. 

The technique used in calibration was exactly the same as 
for the test method, except for using 0-2 ml. of bilirubin 
solution in place of the pure CHCI, and acid citrate buffer in 
place of serum. Fig. 1 shows the relation between colour 
density and concentration of bilirubin. Because of the 
sensitivity of the azobilirubin colour to changes in pH, 
adequate control of this factor is only assured if the colour 
developed in the calibration technique can be accurately 
identified with that produced in the test method. Figs. 2 and 
3 record the spectral absorption curves obtained, respec- 
tively, from pure bilirubin and from a jaundiced serum of 
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approximately equivalent bilirubin concentration, using on 
the one hand a water blank and on the other a yellow blank 
prepared as indicated in the above procedure. It is shown 
that a close identity exists between the corresponding curves 
of these two charts. 


40 


x 


w 
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Ilford filter 


Fig. 2. Spectral absorption curves of azobilirubin colours 

produced in the calibration method from pure bilirubin. 
x, azobilirubin read against a colourless blank; 
@—®, azobilirubin read against the corresponding 
yellow blank. Spekker absorptiometer with Ilford 
filter 604. 
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Fig. 3. Spectral absorption curves of azobilirubin colours 
produced from serum bilirubin. x— x, azobilirubin 
read against a colourless blank; @—®@, azobilirubin 
read against the corresponding yellow blank. Spekker 
absorptiometer with Ilford filter 604. 


RESULTS 
The reproducibility of results with sera was ex- 
amined by the performance of a series of five estima- 
tions on an individual sample. The following values 
by the routine method were obtained: 3-32, 3-25, 
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Time factor in colour development. In order to 
determine the time required for full development of 
colour under the conditions of the test, a number of 
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3-36, 3-25, 3-32 mg. bilirubin/100 ml., giving a mean 
value of 3-30 mg./100 ml. and a standard deviation 
from the mean of 0-03 mg./100 ml. 


Table 1. Recovery of bilirubin added to sera 


(Zero values in first column indicate <0-1.) 


Serum Bilirubin Total bilirubin Added bilirubin 
bilirubin added found recovered Recovery 
(mg./100 ml.) (mg./100 ml.) (mg./100 ml.) (mg./100 ml.) (% 
Readings on Biochem absorptiometer, Chance filter OG 1 
0 3°67 3-80 — 104 
0 4-54 4-37 — 97 
0 6-05 5:83 —_ 96 
0 7-64 7:36 — 96 
0-55 4-00 4-62 4-07 102 
1-08 4-00 5:20 4-12 103 
0-60 3-67 4:31 3-71 101 
Readings on Spekker absorptiometer, Ilford filter 604 
0 3-55 3-56 — 100 
0 3-67 3°83 — 104 
0-40 3-67 4-00 3-60 98 


Table 2. Serum bilirubin values (mg./100 ml.) derived from azobilirubin colour produced 
after varying reaction times 


(Readings on Spekker absorptiometer, Ilford filter 604.) 


Reaction time (min.) 





c a 7 SS ee SS ee ee eee 
Type of serum 2 5 10 20 45 
Cord-blood serum from jaundiced baby; — — 8-6 8-7 _- 
indirect reacting 
Toxic hepatitis; latent jaundice; = — 1-80 1-80 = 
indirect reacting 
Infective hepatitis; direct reacting 6-0 6-4- 6-2 6-4 — 
Cord-blood serum from jaundiced baby; — — 6-1 6-1 6-1 


indirect reacting 
Table 3. Serum bilirubin estimated at varying dilutions using acid citrate buffer 
and serum (of negligible bilirubin content) as diluents 
(Readings made with Biochem absorptiometer.) 


Diluted with citrate Diluted with serum 





cr 


age 7 7 | 
Bilirubin Bilirubin 


Type of serum Dilution (mg./100 ml.) Dilution (mg./100 ml.) 
Obstructive jaundice lin 4 23-5 lin4 24-9 
1 in 6 24-4 1 in 6 24-0 
lin 8 24-8 lin8 23-7 
Toxic jaundice 1 in 2 2-86 -- 
Undiluted 2-75 ~ — 
Obstructive jaundice lin 2 7-04 = 
lin4 6-73 — 


estimations on different types of jaundiced sera 
were made, allowing varying intervals between the 
addition of the urea-ethanol and that of the azide. 
Table 2 records some typical results, which show 


Recoveries. The percentage recovery was esti- 
mated by adding known amounts of bilirubin in the 
form of chloroform solution to the serum mixture. 
This addition can be done at any stage up to and 





including the application of the urea-ethanol solu- 
tion. Selected sera containing negligible amounts of 
bilirubin (less than 0-1 mg./100ml.), and also 
normal sera, were used. The results are shown in 
Table 1. 


that a 10 min. period is adequate for the full reaction 
to take place. 

A number of jaundiced sera were examined, using 
as diluents the citrate buffer on the one hand and 
serum containing a negligible amount of bilirubin on 
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the other. The data in Table 3 show that concordant 
estimations are obtained at widely differing dilu- 
tions, and that the buffer does not introduce error in 
the final values when replacing serum. 

Analytical data are presented in Tables 4 and 5 to 
show the general relationship of the results obtained 


Table 4. Estimations of bilirubin in direct sera 


(Indices indicate dilution factors. A, read on Biochem 
absorptiometer, Chance filter OG 1; B, read on Spekker 
absorptiometer, Ilford filter 604, except for the Malloy & 
Evelyn (1937) method when 605 filter was used. The 
calibration curve used for the Malloy & Evelyn determina- 
tions was constructed as described by the original authors 
with the exception that methanol was used in place of 
ethanol. On account of the different effects of the two 
alcohols upon the azobilirubin colour tone, the colour of the 
calibration solutions is not so accurately reproduced in 
those of the test method if the same alcohol is not used for 
both.) 


Malloy & King & 
Present Evelyn (1937) Coxon (1950) 
Case method method method 
A (mg./100 ml.) (mg./100 ml.) (mg./100 ml.) 
1 22-86 -— 19-64 
2 22-44 24-12 22-04 
3 22-04 21-8? 18-44 
4 16-14 16-0 — 
5 11-42 — 10-22 
6 11-0? 11-1 8-8? 
7 10-6? 11-8 8-22 
8 7-8? — 7-8 
9 6-3 — 6-6 
10 5-2 5-2 4-4 
1] 3-2 — 2-0 
12 3-0 3-0 2-0 
B 
13 24-03 — 20-83 
14 21-84 21-0? 15-64 
15 19-9 21-6? 15-98 
16 17-12 — 12-8? 
17 16-34 15-2 14-74 
18 7-1 7-2 5-5 
19 4-2 —_— 3-3 
20 3-7 — 3-2 
21 2-2 1-5 
22 1-7 — 1:3 


by the present method, that of Malloy & Evelyn 
(1937) as representing one of the most widely used 
of the non-precipitation methods, and that of King 
& Coxon (1950) as an example of a recent type of 
precipitation technique. 


DISCUSSION 


The technical procedure calls for a brief comment 
upon the choice of reagents. Urea-ethanol is used in 
place of ethanol alone in developing the total re- 
activity of the bilirubin present for two reasons. 
Urea itself has been shown by Gray & Whidborne 
(1947) to have an accelerating action upon indirect 
bilirubin, and it can be safely used up to the con- 
centration employed in the present method, though 
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greater concentrations impede the reaction. More- 
over, the denaturation effect on the serum protein of 
urea-ethanol is different from that of ethanol alone, 
for any precipitated protein formed at that stage is 
more readily dissolved in the phenol solution used 
later. The ethanolic concentration present at the 
colour-development stage is well in excess of 50% 
and therefore adequate according to our own 
experience and that of Malloy & Evelyn as to the 
requisite minimum ethanol concentration for full 
colour production. In all cases that have been in- 
vestigated a 10-min. period has been found ample 
for maximum colour development. 


Table 5. Estimations of bilirubin in ‘indirect’ 
and ‘delayed direct’ sera 


(Indices indicate dilution factors. A, read on Biochem 
absorptiometer, Chance filter OG1; B, read on Spekker 
absorptiometer, Ilford filter 604, except for the Malloy & 
Evelyn (1937) method when 605 filter was used.) 

Malloy & King & 
Present Evelyn (1937) Coxon (1950) 
method method method 
Case (mg./100 ml.) (mg./100 ml.) (mg./100 ml.) 


Series A 


l 1-82 — 2-00 
2 1-10 — 1-20 
3 0-83 — 0-80 
4 0-69 — 0-70 
Horse serum 1 3°39 — 3-10 
Horse serum 2 1-32 - 1-14 
Series B 
5 23-74 22-7 20-64 
6 10-22 10-6 9-3? 
7 7-4 7:8 7-0 
8 6-1 6-6 5-5 
9 2-55 — 2-64 
10 1-04 — 0-82 
11 0-69 — 0-59 


The neutral citrate solution added prior to the 
phenol solution could be omitted in dealing with the 
great majority of sera, but, in its absence, some 
specimens of exceptionally low buffering capacity 
tended to give colours of a slightly bluer tint than 
did normally buffered sera, and the results were, 
therefore, rendered less reliable. Similarly, the addi- 
tion of the pure chloroform might also be considered 
dispensable in a general way. It has been retained 
throughout, not only because it accurately balances 
in the estimation the conditions of the calibration 
method, but because, with specimens that are lipae- 
mic, its presence givesa rather brighter final solution. 

In that strong phenol solutions require special 
care in handling, alternative reagents that have a 
marked solvent effect upon protein, e.g. concen- 
trated thiocyanate and aqueous urea, have been 
examined, but have been found less effective in 
providing high clarity than phenol. 

Methanol has also been investigated as an alter- 
native to ethanol in the urea-ethanol solution. Asin 
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the Malloy & Evelyn (1937) method it gives a rather 
greater amount of colour for a given concentration of 
bilirubin (Moreland, O’Donnell & Gast, 1950) and 
rather less protein precipitation in the colour de- 
velopment stage, but offers no advantage in reaching 
final clarity. 

While serum is preferred for this form of analysis, 
plasma can be used with almost the same precision 
in the estimations. There is a tendency for the final 
solution in the case of plasma to have a very slightly 
lower degree of optical clarity. This is balanced by 
the corresponding blank solution, so that the colori- 
meter readings are not affected, and in general the 
solutions with plasma are clearer than those ob- 
tained by other non-precipitation techniques which 
use only serum. 

In regard to the comparative results of the three 
methods employed, it is scarcely to be expected that 
they should provide identical results. Although the 
Malloy & Evelyn method and the present method 
are fundamentally the same in that neither entails 
loss by separation of protein, the calibration method 
is a little different in the two cases. Malloy & Evelyn 
standardize with pure bilirubin solutions without 
relation to blanks incorporating unchanged bili- 
rubin, whereas the unchanged pigment necessarily 
appears in the blanks corresponding to the serum 
tests. In the present method, unchanged bilirubin 
appears in both the blank of the standardization 
technique and that of the test. 

The King & Coxon method does not involve any 
blank preparation either in calibration or in serum 
analysis, for the precipitation of protein takes with 
it any constituent likely to give an appreciable 
degree of light absorption other than that due to 
azobilirubin. In a blank designed to run parallel 
with their rest method, a high proportion of un- 
changed bilirubin is absorbed on the protein pre- 
cipitate, so there cannot in practice be a blank 
comparable to that employed in the present 
method. 

These considerations would always account for 
minor differences in the values obtained by the 
different methods, but reference to Table 4 shows 
that, while closely comparable results are obtained 
between the present method and that of Malloy & 
Evelyn, the King & Coxon method often gives 
figures in the direct-reacting sera which lag sub- 
stantially behind. They represent, however, a much 
nearer approach to the figures of the non-precipita- 
tion methods than those obtained by earlier pre- 
cipitation techniques, for losses of up to 50% of 
colour were encountered in the method of Hasle- 
wood & King, when that was compared with the 
Malloy & Evelyn procedure (Gray & Whidborne, 
1946). In the case of indirect-reacting sera, the 
results of King & Coxon and those of the present 
method are seen to be in closer agreement. 
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In that King & Coxon use an artificial standard of 
methy] red solution, whereas in the present method 
as well as in that of Malloy & Evelyn we have em- 
ployed a preparation of bilirubin, reference should 
be made to the relationship between the two 
standards. Substituting in the King & Coxon 
technique I ml. of 3-6 % Na,HPO,.12H,O forserum, 
adding to it 0-4ml. of chloroform containing 
0-04 mg. of bilirubin, then adding 0-5 ml. of their 
van der Bergh reagent, and finally making up to a 
volume of 10 ml. with 85 % ethanol, we obtained an 
absorptiometer reading equal to 99 % of that of the 
methyl] red standard. With 1 ml. of our acid citrate 
buffer in place of serum and other reagents used as 
above, the reading was 101 % of the same standard. 
We are therefore satisfied that we are attaching no 
unfair disadvantage to the recorded values for the 
King & Coxon method in assessing them in terms of 
their artificial standard solution. 

The main advantages of the present method over 
that of Malloy & Evelyn are that the final colour is 
observed in clearer solution, and that, for a given 
concentration of serum bilirubin, the colours are 
much more intense, enabling more accurate readings 
to be made at much lower levels of bilirubin con- 
centration. The method is, therefore, especially well 
suited to studies such as those of bilirubin threshold, 
and of the removal from the blood of injected bili- 
rubin. In conjunction with appropriate precipita- 
tion methods, it is likely to facilitate further in- 
vestigation into the cause of discrepancies which 
exist between the results of the two types of method 
of estimation. It may also be easily adapted to 
provide the means of following the rates of reaction 
of the different types of bilirubin present simul- 
taneously in blood, and thereby contributed further 
to the understanding of the physico-chemical 
nature of the circulating bilirubin. 


SUMMARY 


1. A method is described for determining bili- 
rubin in serum which does not involve separation of 
protein. Colour is developed by the van den Bergh 
reagent in the presence of a urea-ethanol solution, 
and clarity achieved by use of phenol, following the 
inactivation of excess diazonium compound. 

2. The results achieved by the present method 
are in closer alinement with those of Malloy & 
Evelyn (1937) than with those of King & Coxon 
(1950). 

3. As compared with the method of Malloy & 
Evelyn, the present technique is capable of giving 
greater accuracy at low bilirubin levels. 

We are grateful to Dr P. L. Mollison, Director of the 
Medical Research Council Blood Transfusion Research Unit, 
and to Prof. E. J. King, of the Postgraduate Medical School 
of London, for placing at our disposal samples of cord blood 
of jaundiced infants. 
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The lipid-protein complexes (lipoproteins) of tissues 
are usually said to be decomposed by freezing or 
drying; in fact, modern theories of their structure 
generally include water as an integral part of the 
molecule (e.g. Dervichian, 1949). Little or no 
quantitative information on the subject has, how- 
ever, been published and, in view of the increasing 
tendency towards preserving sensitive biological 
materials and foods in the frozen or dried state, an 
investigation of the effects on a lipoprotein of 
freezing and of drying has been carried out. Lipo- 
vitellin from egg yolk was chosen as experimental 
material for reasons already given (Lea & Hawke, 
1951). 

Available information on the stability of lipo- 
vitellin is conflicting. Chargaff (1942) stated that 
a suspension of the lipoprotein lost some of its 
dispersibility in sodium chloride solution on freeze- 
drying. Moran (1925) observed that a solution of 
‘lecithovitellin’ in the minimum concentration of 
sodium chloride deposited solid on freezing and 
thawing. Fevold & Lausten (1946) stated that 
‘lipovitellinin ’, a lipoprotein fraction from egg yolk 
containing 36-41 % lipid, was not, by freeze-drying, 
rendered insoluble in sodium chloride solution 
saturated with ether, but that its dispersibility 
disappeared on standing. No information was given 
as to whether or not any free lipid was split off from 
the protein during freezing, drying or storage, and 
in none of these cases was the moisture content of 
the dried material or the conditions of freezing and 
thawing defined, nor were any quantitative data 


recorded on the effects observed. It is, however, of 
considerable practical interest that commercial 
spray-dried egg, which has a greatly inferior aerating 
power to fresh egg, yields up much more of its fat on 
extraction with cold light petroleum than does fresh 
egg (Brooks & Hawthorne, 1944). 

The present paper deals with some of the pro- 
perties of lipovitellin in relation to the effects of 
freezing and drying and of storage in the frozen and 
dried states. 


METHODS 


Preparation of lipovitellin. Lipovitellin was prepared as 
previously described (Lea & Hawke, 1951) except that 
before the final dialysis any material which was not dis- 
persible in 10% (w/v) NaCl saturated with ether was 
separated and discarded. It was found that if the final 
dialysis through cellulose at 0-2° was continued for longer 
than 24 hr. it became impossible, with the means available, 
to centrifuge down the suspended lipoprotein. The lipo- 
protein suspension was therefore centrifuged after dialysis 
for 24 hr. and the concentrated product subjected to con- 
tinued dialysis with agitation from narrow cellulose sacks 
for a further 48 hr. at 0°. 

In some preparations, 50 % (w/v) sucrose was dissolved in 
the aqueous phase to protect the lipoprotein from denatura- 
tion by ether (Bate-Smith, 1935). This precaution could not 
be taken, however, in the first ether extraction of the yolk 
because of increased difficulty with emulsification, and was 
omitted from the final reprecipitation to avoid the lengthy 
dialysis necessary to remove the last traces of sugar from the 
thick lipoprotein suspension. Under these conditions, the 
use of sucrose resulted in no improvement in the yield or 
solubility of the preparation. 
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The lipid contents of lipovitellin preparations 18-29 used 
in this work were 27-5, 38-2, 38-2, 32-4, 34-2, 33-2, 27-5, 25-7, 
28-4, 32-1, 31-5 and 30-2 % respectively. 

Determination of solubility. To 2 ml. lipoprotein suspension 
containing approximately 200 mg. lipoprotein were added 
5 ml. NaCl of the strength necessary to give the required 
final concentration, 0-8 ml. ether and sufficient dilute NaOH 
or HCl and water to produce the desired pH and a final 
volume of 10-6 ml. The solutions were mixed by sudden 
shaking, slowly tumbled for 16 hr., centrifuged, and the 
N content of the supernatant fluid determined by the micro- 
Kjeldahl procedure. For most of the routine estimations of 
solubility 15% (w/v) NaCl and pH 6-0 were used. All 
operations were carried out at 0°. Although the solubilities 
of fresh preparations were usually in the range 93-97%, 
suggesting the possibility of incomplete equilibration or of 
denaturation during the determination, shorter or longer 
times of equilibration failed to give higher results than those 
obtained at 8 or 16 hr. 
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ferred to a refrigerated freeze-drying cabinet in a room at 
0°, and the apparatus rapidly evacuated. Brine at —25 to 
— 30° circulating through the cooling column of the drier 
carried away the heat of hydration of the P,O,; which, in 
trays well separated from the lipoprotein, absorbed the 
water. After 40 hr. the dried material (moisture content 
approximately 4:5 %) was removed, thoroughly mixed in a 
blender at 0°, and sampled for dry weight determination 
(vacuum oven at 70°). 

For storage at constant relative humidity (R.H.) samples 
of the dried lipoprotein (approx. 0-8 g.) were held at 37° in 
shallow aluminium dishes in evacuated vessels over P,O,; 
(0% R.H.) and over solutions of H,SO, producing known 
water vapour pressures. In earlier experiments a prelim- 
inary equilibration with the storage atmosphere was carried 
out at a lower temperature, but the finely divided product 
of freeze-drying reached equilibrium very rapidly in 
vacuo at 37° and this precaution was subsequently 
omitted. 


Table 1. Effect of ether on the dispersibility of lipovitellin 


(Preparation 18, in NaCl solutions, w/v.) 


N in solution after 16 hr. at 3° (as % total N) 





pH 1% NaCl 1% NaCl-ether 
5-0 1 1 

5-5 1-5 1-5 

6-0 2 2 

7-0 6 6 


Determination of free lipid. The degree of decomposition of 
the lipoprotein was measured by estimating the amount of 
lipid extractable with ether. NaCl (500 mg.) was added to 
5 ml. portions of the suspension containing approximately 
500 mg. lipoprotein and the solution extracted at 0° by 
shaking in a ‘Microid’ wrist-action shaker with ether 
(100 ml.) saturated with water, usually for 15 min. The 
ether was then separated and its lipid content determined by 
drying on a rotary film evaporator (Lea, Hannan & Rhodes, 
1951), taking up in dry ether, filtering and redrying, first 
under an infrared lamp and finally to constant weight in 
vacuo at 70°. 

Lipoprotein samples which had been dried were shaken 
with dry ether for 30 min. at 0° or laboratory temperature, 
filtered, and the lipid content of the extract plus washings 
determined as above. In a second procedure, the dried 
samples (500 mg.) were re-moistened with 10% (w/v) NaCl 
(5 ml.) and extracted as for undried samples. 

Freezing, thawing and storage in the frozen state. To in- 
vestigate the effects of freezing, the lipovitellin suspension 
was frozen as a shallow layer in thin aluminium dishes by 
immersion in liquid at temperatures between -1 and 
— 183°. Thawing was by immersion in water at controlled 
temperatures between 0 and 37°, the colder samples being 
first warmed up to — 6°. Lipoprotein used for investigation 
of changes during storage in the frozen state was frozen and 
thawed under conditions found to cause minimal damage, 
i.e. by rapid freezing at low temperature and rapid thawing 
at 37°. The frozen material was held in closed vessels over ice 
to prevent desiccation. 

Drying and storage in the dried state. For freeze-drying, 
the lipovitellin suspension (approx. 10% solids) was rapidly 
frozen in shallow layers in thin metal trays by immersion in 
solid CO,-ether at -60 to — 70°. The trays were then trans- 


5% NaCl 


5% NaCl-ether 10% NaCl 10% NaCl-ether 


10 12 11 13 

26 34 33 36 

46 69 56 77 

51 78 65 88 
RESULTS 





Some properties of lipovitellin 


Solubility.. Saturation with ether (0-8 ml./10 ml. 
solution) considerably increased the dispersing 
power of aqueous sodium chloride solutions 
(Table 1). This amount of ether was therefore used 
in the routine determination of solubility. 


100 
80 
60 
40 


20 





Soluble N (as % total N) 









5 10 15 20 
% (w/v) NaCl 

Fig. 1. Effect on the solubility of lipovitellin (preparations 

18, 23, 28) of (a) NaCl concn. at pH 6-8 and (b) of pH at 

15% (w/v) NaCl. Temp. 0°; total conen. of lipoprotein 


2% (w/v); 0-8 ml. ether present/10-6 ml. solution. 


The effects of varying ionic strength at constant 
pH, and of varying pH at constant ionic strength 
are shown in Fig. 1. A concentration of 15 % (w/v) 
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sodium chloride and a pH of 6-0 were usually 
employed in comparing the solubilities of treated 
samples. 

Extractability of the lipid. Fresh lipovitellin sus- 
pension at pH 6-8, when dispersed by the addition of 
sodium chloride and extracted with ether, as 
described above, yielded lipid to the solvent at a 
slow and linear rate of approximately 3% of the 
total lipid present per hour (Fig. 2a). After adjust- 
ment to pH. 5-2 with hydrochloric acid and standing 
24 hr. at 0° a much larger proportion of the lipid was 
extractable with ether, 20% being removed in 
30 min. and 25 % in 2 hr. 


(a) Lipovitellin 


(b) Freeze-dried 
lipovitellin 





Lipid extracted (as % total lipid) 


0 1 2 
Extraction time (hr.) 


Extraction time (hr.) 


Fig. 2. Extractability with ether at 0° of lipid from (a) 
fresh (moist) and (b) freeze-dried lipovitellin (preparation 
22). A, B, extraction from 10% (w/v) NaCl containing 
10% (w/v) lipovitellin; C, D, extraction from 10% (w/v) 
aqueous lipovitellin suspension. Anhydrous Na,SO, 
(1-2 g./ml.) added; E, F, extraction of dry lipovitellin. 


Addition of anhydrous sodium sulphate to the 
aqueous suspension-ether mixture, followed im- 
mediately by shaking, i.e. dehydration during 
extraction, resulted in a greatly increased liberation 
of free lipid, most of which was extracted in the 
first 15 min. After 2 hr. 35 % of the total lipid had 
been liberated at pH 6-8 and 40% at pH 5-2 
(Fig. 2a). 

Effect of pH and of sodium chloride on extract- 
ability of the lipid. To investigate further the effect of 
pH on the extractability of the lipid, samples of 
lipovitellin suspension (approx. 10% solids) were 
dispersed by the addition of sodium chloride 
(10%, w/v) and the pH adjusted from the original 
value of 7-0 to the required figure by the slow addi- 
tion of citric acid or dilute sodium hydroxide solu- 
tion. After standing for 30 min. the suspensions were 
extracted by shaking with ether for 30 min. at 0°. 
The result (Fig. 3) showed that only a trace of free 
lipid was extractable by ether at pH values above 
5:5, but that increasing amounts were extracted as 
the pH was reduced below this point. A sample of 
the suspension acidified to pH. 5-2 with hydrochloric 
acid gave the same result as with citric acid, but 
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holding the acidified suspension at 0° for 16 hr. 
before extraction increased the proportion of the 
lipid extracted from 7 to 13 %. 


30 


total lipid) 


/o 


o/ 


20 


10 


Lipid extracted (as 





0 
40 50 60 70 80 
pH 
Fig. 3. Effect of pH on the extractability of the lipid of 
lipovitellin (preparation 28) from 10% (w/v) NaCl with 
moist ether at 0°. pH adjusted with citric acid and ex- 
tracted after 30 min. except where indicated. 


Dialysed aqueous suspensions of lipovitellin at 
approximately neutral pH were resistant to extrac- 
tion by ether, but the addition of very small quan- 
tities of sodium chloride caused the liberation of free 
lipid, although the amount fell again as the con- 
centration of sodium chloride was further increased 
and the lipoprotein began to dissolve (Fig. 4). It was 
observed that the aqueous phase showed an in- 
creased tendency to disperse in the ether and to 
settle less readily after shaking at sodium chloride 
concentrations which gave the highest yields of free 
lipid. 


20 


10 


Lipid extracted (as % total lipid) 


0 05 10 15 
NaCl (™) 


Fig. 4. Effect of NaCl on the extraction of lipid from 
aqueous lipovitellin (preparation 29) at pH6-8 by 
shaking with moist ether (100 ml. ether/3 g. 10% (w/v) 
suspension) for 15 min. 


Isoelectric point. Since lipovitellin is practically 
insoluble in water and in dilute buffers, an approxi- 
mate estimate of its isoelectric point was obtained by 
determination of the pH at which the addition of 
sodium chloride neither increased nor decreased the 
apparent hydrogen-ion concentration (Schmidt, 
1945). For this purpose, a concentrated lipovitellin 
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suspension (approx. 10 % solids) was adjusted to the 
required initial pH value by the addition of dilute 
hydrochloric acid, and the effect of adding a small 
quantity (0-021) of sodium chloride measured. The 
results (Fig. 5a) indicated an isoelectric point in the 
region of pH 5-50. With another preparation of 
lipovitellin (no. 25) additions of 0-011, 0-021, 0-043 
and 0-086Mm-sodium chloride gave isoelectric points 
at pH’s 5-59, 5-53, 5-56 and 5-55. 
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54 56 58 50 54 58 62 
Initial pH pH 
Fig. 5. The isoelectric point of lipovitellin (preparation 26). 
a, Changes in pH produced in lipovitellin suspensions by 
the addition of NaCl (0-021); 6, electrophoretic mobility 
as a function of pH in 0-0033 M-phosphate-citrate buffers. 


In an alternative procedure, the determination 
was carried out electrophoretically using the cell 
perfected by McQuillen (1950) for microscopic 
observation of the movement of bacterial cells in a 
reversible electric field. Mobilities were measured 
for a considerable number of particles of lipovitellin 
over a range of pH values in very dilute citrate- 
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phosphate buffer. These values plotted against pH 
indicated zero mobility in the region of pH 5-57 
(Fig. 5d). 

Stability at 37°. Fresh lipovitellin suspension 
decomposed comparatively rapidly at 37° whether 
the criterion was loss of solubility or increase in 
ether-extractable lipid (Table 2). Increasing the 
total salt present from 0-9 % (w/v) sodium fluoride 
(used as a bacterial inhibitor) to 10% (w/v) by the 
addition of sodium chloride had no very marked 
effect on the stability of the lipoprotein. The rate of 
liberation of lipid from all three preparations was 
somewhat greater than previously reported (Lea & 
Hawke, 1951), but the total lipid contents were also 
considerably higher. 


Effect of freezing and thawing, and of 
storage in the frozen state 


In preliminary experiments, more damage was 
found to result from the freezing and thawing of 
lipovitellin suspensions than from freeze-drying. 
Attention was therefore first directed to the 
thawing process. Table 3 shows that, after freezing 
at — 65°, solubility was best preserved by thawing 
as rapidly as practicable in water at 37°. Under 
these conditions changes were small at pH 6-8, but 
were still large at pH 5-2 with the lipovitellin pre- 
paration used. When rapid thawing was standard- 
ized, the lipoprotein suffered less loss of solubility 
the lower the freezing temperature. i.e. the more 
rapid the freezing (Table 4). 

The proportion of the total lipid extractable with 
ether after freezing and thawing appeared to be 
largely independent of the temperature of freezing, 


Table 2. Stability of fresh lipovitellin suspensions and of remoistened, freeze-dried lipovitellin at 37° 


Days at 37° 








6 ais. 
Composi- Lipovitellin Freeze-dried lipovitellin 
Preparation tion of 2 r ; 

no. pH solvent* 0 2 5 0 1 2 5 

Percentage of total N soluble 
22 6-8 A 93 52 52 87 —_ 47 39 
22 6-8 B 93 50 50 87 — 39 37 
23 6-8 A 97 52 -- — _ —- — 
20 6-8 A — _— 94 62 53 40 
22 5-2 A 89 38 38 60 — 17 2 
22 5:2 B 89 28 28 60 — 12 10 
23 5:2 4 87 39 — — Ss Sn ae 
20 5-2 A — — — 94 30 19 = 

Percentage of total lipid freet 
22 6-8 A 1) 11 i4 3 - 17 26 
22 6-8 B 1-5 10 13 3 — 10 16 
22 5-2 A 16 23 32 22 — 25 33 
22 5:2 B 15 19 27 22 — 23 26 
23 5:2 A 15 20 a SY is a= ea 


* A, 0-9% (w/v) NaF; B, 09% (w/v) NaF +9-1% (w/v) NaCl. 


+ Wet extraction method. 
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and averaged 2% at pH 6-8 and nearly 40% at 
pH 5-2, part of the latter being attributable to 
acidification rather than to freezing. The amount of 
free lipid produced by freezing lipovitellin at pH 6-8 
varied appreciably in different preparations (e.g. 
2, 8, 14 and 9% in preparations 21, 23, 24 and 25 
respectively), although altering the temperature, 
and hence the rate of freezing still showed no 
marked effect. 


Table 3. Effect of speed of thawing (after freezing 
rapidly at —65°) on the solubility of lipovitellin 
(preparation 22) 

Solubility (°%)* after 


Thawing Thawing freezing and thawing at 
temperature time OO  — 
(°) (min.) pH 68 pH 5-2 
Not frozen —_— 92-6 88-8 
37 0-7 88-3 53-7 
5-4 3-7 84-7 43-9 
1-0 12 86-2 47-6 
0-0 35 71-8 37-1 


* In 15% (w/v) NaCl—ether at pH 6. 


Table 4. Effect of freezing at various temperatures 
on lipovitellin 


(Preparation 21; thawing at 37°.) 


Temp. of Percentage 
freezing Solubility of total 
pH C7 (%) lipid free 
6-8 =a 55 2 
6-8 =F 55 2 
6:8 — 20 66 2 
6-8 — 65 63 _— 
6-8 - 183 74 1 
5-2 -3 17 40 
5-2 -7 19 38 
5-2 -20 21 36 
5-2 - 65 36 36 
5-2 - 183 40 42 


8 





Soluble N (as % total N) 


0 20 40 60 80 100 
Storage time (days) 


Fig. 6. Effect of storage temperature on the development of 
insolubility in frozen lipovitellin at pH 6-8 (©) and 
pH 5-2 (@). Preparation 23. 


To isolate the effects of storage in the frozen state 
a lipovitellin suspension was frozen at — 65°, stored 
at various constant temperatures below 0° and 
thawed rapidly in water at 37°. The results (Fig. 6) 
show that solubility decreased rapidly at first at 
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both pH’s and at all four storage temperatures, and 
thereafter decreased more slowly at rates which 
varied with the temperature from practically zero 
at —29° to a rate at —3° which produced almost 
complete insolubility within 3 months. At pH 6-8, 
very little free lipid was split off during 3 months at 
— 29° and only slightly more at — 20°. The libera- 
tion of lipid however was considerable at — 10° and 


40 


Lipid extracted (as % total lipid) 





0 20 40 60 80 100 
Storage time (days) 
Fig. 7. Effect of storage temperature on the liberation of 


lipid from lipovitellin suspension (pH 6-8) frozen at — 65°. 
(Thawed at 37°; ©, preparation 23; x, preparation 25.) 


particularly at — 3°. At all four temperatures, most 
of this change occurred during the first 10 days of 
storage (Fig. 7). At —3° the appearance of the 
samples changed from white to translucent, pre- 
sumably owing to the growth of the larger ice 
crystals at the expense of the small. 


Effect of freeze-drying 


Solubility. Freeze-drying of lipovitellin  sus- 
pensions by the described procedure had a variable 
effect on the dispersibility of the lipoprotein in 15 % 
(w/v) sodium chloride-ether at pH 6 (Table 5), some 
preparations apparently being more susceptible to 
damage than others. Solubility in all cases was 
higher when drying was at pH 6-8 than at pH 5-2, 
and the dried product in both cases could be held at 
— 20° for some weeks with little further change. 

Extractability of the lipid. A considerable pro- 
portion of the lipid of freeze-dried lipovitellin was 
extractable with ether. Four preparations of the 
lipoprotein freeze-dried at pH 6-8 yielded 24, 24, 30 
and 20% (average 24:5 %) of extractable lipid. At 
pH 5-2 the yields were slightly lower, namely 22, 18, 
26 and 18 % (average 21%). Extraction was almost 
complete after 15 min. (Fig. 2b). If, however, the 
material dried at pH 6-8 was re-moistened with 
water before extraction, very much smaller quan- 
tities of lipid passed into the ether, and the pro- 
portion of the total lipid removed in 2 hr. (8-9 %) 
was only slightly greater than from undried lipo- 


pH of 


suspension 
6-8 


Treatment 
Fresh 
Freeze-dried 
Freeze-dried and held 
13 days at — 20° 
Fresh 
Freeze-dried 
Freeze-dried and held 
13 days at —20 


bo 
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Table 5. Effect of freeze-dryt 





ng on the solubility of lipovitellin 


Preparation no. 





22 23* 24% 


Solubility (°4) in 15% (w/v) NaCl-ether at pH 6 


oe 
20 


t 


94-7 92-6 96-7 94-4 
94-2 86-8 76-5 70-3 
94-1 — pare sais 
94-7 88-8 87:3 88-1 
94-0 60-2 55-5 56-5 
93-8 -- ~ — 


* Sucrose present during the preparation (cf. p. 105). 


vitellin similarly treated (Fig. 2b). With another 
preparation the difference between the fresh 
material and that re-moistened after drying at 
pH 6:8 was still smaller. On the other hand, ex- 
traction of re-wetted material which had been dried 
at pH 5-2 yielded even more lipid than did dry 
extraction, the limiting amount reached (25%) 
being the same as that liberated from the undried 


lipoprotein. 
32 
24 


16 





H20 (g./100 g. dry lipoprotein) 


80 


20 
Equilibrium relative humidity (%) 


40 60 100 


H20 (g./100g. dry (lipid free) protein) 


isotherm of freeze-dried 
Lipid content 


Fig. 8. The vapour pressure 
lipovitellin (preparation 20) at 37°. 
38-7 % of dry weight. 


Stability after re-moistening. A comparison of the 
behaviour on keeping at 37° of lipovitellin and of the 
same material after freeze-drying and re-moistening 
to the original water content is given in Table 2. 
Although some decomposition frequently resulted 
from the drying process itself, little if any increase in 
susceptibility to further decomposition on storage of 
the moist material at 37° was apparent. 

The vapour-pressure isotherm of freeze-dried lipo- 
vitellin. The relationship between the equilibrium 
relative humidity and the moisture content of 
freeze-dried lipovitellin as determined by drying to 
constant weight in vacuo at 70° is given in Fig. 8. 
The isotherms at pH’s 6-8 and 5-2 were indistin- 
guishable. The storage experiments with dried 
material were carried out at constant relative 


humidities. 





Effect of storage in the dried state 


Solubility. lipovitellin in 


equi- 
librium with atmospheres of high relative humidity, 
i.e. at high moisture contents, became insoluble 
extremely rapidly, much more rapidly, in fact, than 
when suspended in water or dispersed in sodium 


Freeze-dried 


chloride solution (Table 2). In a completely dry 
atmosphere the rate of change was very slow, while 
atmospheres of intermediate composition produced 
intermediate rates of change (Fig. 9). In all cases, 
insolubility developed considerably more rapidly in 
the material adjusted to pH 5-2 before drying than 
in that adjusted to pH 6-8. A perceptible lag or 
induction period noticeable with certain of the 
samples which became insoluble at intermediate 
rates was not detectable under conditions producing 
more rapid deterioration. 

Extractability of the lipid. Fig. 10 shows that, 
qualitatively, the effects of storage in moist and dry 
atmospheres on the liberation of free lipid (as 
estimated by extraction of the ‘dry’ lipoprotein) 
were similar to the effects on solubility, the changes 
being very rapid at high humidites and very slow at 
low humidities. Quantitatively, however, the 
parallelism was far from complete. For example, 
the liberation of free lipid seemed always to be 
complete within 1 day at 37°, and samples held at 
10 % R.H. for as long as 45 days still gave the same 
free lipid values as at 1 day, i.e. 31:5 and 28% 
respectively at pH’s 6-8 and 5-2. The solubility data 
at pH 6-8 and 70 or 85% k.H., and at pH 5-2 and 
30 % R.H., on the other hand, showed an ‘induction 
period’ of 1 day during which very little loss of 
solubility occurred, although thereafter the change 
was rapid and speedily approached a limiting value. 
Furthermore, at intermediate R.H. values, such as 
70% R.H. at pH 6-8 and 70, 55 and 30% R.H. at 
pH 5-2, the loss of solubility during storage was 
relatively very much more marked than the libera- 
tion of lipid (Figs. 9 and 10). 

The free lipid estimations in the storage experi- 
ments were normally carried out by extraction of 











2, 





Vol. 52 


the solid (‘dry’) lipoprotein with ether, but ex- 
traction by the ‘wet’ method, i.e. after redispersion 
in sodium chloride solution, showed generally 
similar changes in an experiment in which the two 
methods were tested against one another on a 
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decrease in rate at high humidities with any cer- 
tainty. The cause of the darkening on storage has 
not yet been ascertained : it may be due to autoxida- 
tion of the lipid, or to a ‘browning’ reaction of the 
amino-aldehyde type, or to both. 


pH 5:2 


100 


80 


60 


40 


20 





Time at 37° (days) 


Fig. 9. Effect of variation in moisture content (equilibrium R.H. indicated) on the development of insolubility 
in freeze-dried lipovitellin (preparation 20). 
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Fig. 10. Effect of variation in moisture content (equilibrium R.H. indicated) on the liberation 
of free lipid (dry-extraction method) from lipovitellin (preparation 20). 


different (and apparently more stable) specimen of 
freeze-dried lipovitellin which had been stored at 
85% n.H. (Table 6). 

Colour. The slightly ‘off-white’ colour of freshly 
freeze-dried lipovitellin darkened on storage, the 
change being greatly accelerated by an acid pH and 
a high relative humidity (Table 7). The rate of dis- 
coloration appeared to be maximal at about 
85% R.H., but the data are too few to establish the 


DISCUSSION 


A troublesome feature of this work on the freezing 
and drying of lipovitellin has been a certain lack of 
exact reproducibility in the behaviour of prepara- 
tions made in apparently the same way when sub- 
mitted to apparently similar freezing and drying 
treatments. It is not known whether these differ- 
ences derived from the eggs, which were collected 
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from various sources and at various seasons, or from 
chance variations in technique. Despite this limita- 
tion, the results have some interest both from the 
theoretical viewpoint of the properties and structure 
of lipoproteins and from the more practical one of 
the behaviour of these substances in biological 
materials preserved by freezing or drying. 

State of the lipid in lipovitellin. Fresh lipovitellin 
dispersed in 10% (w/v) sodium chloride solution 
gave up lipid to ether only very slowly at pH values 
above 5-5, but up to one-third of the lipid could be 
extracted rapidly from more acid salt solutions 
(Fig. 3) in which the lipoprotein was much less 
soluble. A similar proportion of the lipid could also 
be obtained at neutral pH from suspensions of 
lipovitellin in sodium chloride solutions too weak to 
disperse it. It seems reasonable to suppose that the 
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extraction, and even more (30-35%) if the moist 
lipovitellin were dried by sodium sulphate during 
extraction (Fig. 2), it would appear that water has 
some function in stabilizing the union of the more 
loosely held portion of the lipid with the remainder 
of the complex. 

To this extent, therefore, lipovitellin seems to be 
decomposed by drying. On the other hand, when 
lipovitellin, which has been freeze-dried at pH 6:8, 
is re-wetted, it is found to retain most of its solubility 
and to have recovered most of its capacity for with- 
holding its lipid from ether: at this pH, at least, 
decomposition produced by drying seems to be 
largely reversible. At pH 5-2 the loss of solubility on 
freezing or drying was usually much more marked 
than at pH 6-8, and the lipoprotein lacked resistance 
to ether even before freezing or drying. 


Table 6. Liberation of free lipid from lipovitellin (preparation 24) stored at 37° and 85 % R.H., 
as measured by ‘dry’ and ‘wet’ extraction methods 


Free lipid (as % total lipid) 








c si \ 

pH 6-8 pH 5-2 
ci tL ee scr. — = 
Stored at 37° (days) 0 l 6 0 1 6 
‘Dry’ extraction 28 38 39 25 33 34 
‘Wet’ extraction 4 20 25 26 34 35 


Table 7. 


Effect of pH and moisture content on the discoloration of freeze-dried lipovitellin 


at 37° * (preparation 20) 


Equilibrium relative humidity (%) 





Time 

stored —— - 
pH (days) 0 30 
6-8 ] — 1-5 
4 1-4 1-4 
10 1-6 1-5 
5-2 1 1-4 —_ 
4 1-6 1-7 
10 _— 1-6 


55 70 85 92 
1-4 1-4 1-4 1-5 
—_ 1-3 1-4 1-5 
1-4 1-5 1-8 1-8 
1-4 1-8 1-8 1-7 
1-6 2-0 3-5 2-5 
a _— 4:5 3-9 


* JTnitial colour, 1-4 R+ Y Lovibond units. 


lipids of lipovitellin in ‘solution’ are inaccessible to 
ether through the whole lipid molecules, or at least 
their lipophilic portions, being orientated towards 
the interior of the lipoprotein molecule, away from 
the water surface. The extraction of a considerable 
amount of lipid from the moist particle in suspension 
in the presence of insufficient sodium chloride to 
disperse it, but not from suspension in pure water 
(Fig. 4), is difficult to account for, and may be due to 
some mechanical factor such as more intimate con- 
tact between the aqueous and ether phases as indi- 
cated by the slower separation of the dilute salt 
solution from the ether after shaking. There was a 
marked similarity between the amounts of lipid 
liberated under these conditions and by drying. 
Since 15-20 % of the lipid was extractable within 
10 min. if the lipoprotein were freeze-dried before 


Under most of the conditions investigated the 
amount of free lipid liberated tended to rise to- 
wards some limiting value which could be anything 
from 10 to 50 % or even more, a circumstance which 
seemed to indicate a far from uniform strength of 
binding between different fractions of the lipid and 
the protein. Tayeau (1944) believes that neutral 
lipid is mainly bound to the phospholipins, and that 
phospholipins form the link between neutral lipid 
and protein. With such a structure, it might be 
possible to break selectively the protein-lipid and 
lipid-lipid associations in the lipoprotein, and 
Delsal (1949) has already found that ‘delipidation’ by 
anhydrous ether at — 70° according to the method of 
McFarlane (1942) appears to extract only cholesterol 
from blood serum, the phospholipin-protein ‘cén- 
apses’ remaining intact. An investigation of the 
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chemical nature of the lipid of lipovitellin and of the 
fractions removed by various physical and chemical 
treatments is now being undertaken. 

Effect of freezing. Freezing and thawing tended to 
destroy the solubility of lipovitellin, the effect being 
greater at pH 5-2 than at pH 6-8. The damage could 
be reduced by freezing rapidly at low temperature 
and by thawing rapidly (Table 3), and there was no 
sign of increasing loss of solubility as more water was 
frozen out by lower freezing temperatures—in fact, 
the reverse tended to be the case (Table 4). When 
stored in the frozen state the lipoprotein decomposed 
at an appreciable rate even at low temperatures, 
and the difference between —20 and — 29° could 
readily be detected after 2 or 3 months (Figs. 6 
and 7). Obviously, the lipoproteins are among the 
constituents of biological materials most sus- 
ceptible to decomposition during storage. 

In freezing mammalian and fish muscle Moran 
(1935) and Reay (1933) have drawn attention to the 
rapid denaturation of the protein which occurs at 
temperatures just below the freezing point of the 
muscle, and particularly in the region of — 2 to — 4°, 
and Finn (1932) has attributed these results to the 
increased concentrations of muscle salts and hydro- 
gen ions which develop in the liquid phase of the 
material at these ‘critical’ temperatures when a 
large proportion of the water freezes out. These 
natural muscle systems, however, are not com- 
parable with the dialysed protein suspensions used 
in the present work, in which the concentration of 
salts is very low. Comparison with the experiments 
ot Moran (1925), who was able to freeze egg yolk 
rapidly in liquid air and thaw it rapidly in warm 
mercury without the serious loss of fluidity which 
occurred if freezing or thawing were slow, is simi- 
larly complicated by the presence of salts in the 
whole yolk. Our results on the effect of pH on the 
stability of lipovitellin suggest that damage could 
easily be produced by a depression of the natural pH. 
of the yolk (6-1—6-2) such as could be produced by 
concentration of the salts during freezing. 

Effect of drying. Lipovitellin could usually be 
freeze-dried at pH 6-8 with but little decomposition, 
and one sample was dried even at pH 5-2 without 
loss of solubility, although deterioration at this 
latter pH was usually marked. Lipovitellin there- 
fore appears to be more stable than the lipoproteins 
of human plasma (Gurd, Oncley, Edsall & Cohn, 
1949; Oncley, Gurd & Melin, 1950). 

The results of storage in the dried state were 
particularly interesting in showing a high degree of 
stability at very low moisture contents and a rapid 
rate of deterioration at high moisture contents, with 
intermediate values at intermediate moisture 
contents (Figs. 9and 10). Deterioration in the moist 
solid was, in fact, much more rapid than in the fully 
wetted state or in ‘solution’. This result, while in 
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keeping with the non-harmful effect of freezing at 
very low temperatures, is in apparent conflict with 
the theory that water forms an essential part of the 
lipoprotein complex. It could perhaps be conceded 
that, in a union split by drying, the components 
might be unable to undergo further change under 
very dry conditions and would combine again on 
rehydration. The failure of ether extraction to 
remove increased amounts of lipid from the dried 
material after storage at low humidities, whilst 
readily doing so from dried material after storage at 
high humidities (Fig. 10), however, could more 
easily be explained by a theory of increasing libera- 
tion of lipid due to progressively greater denatura- 
tion at increasing moisture contents of the protein 
with which it had been combined. On the other 
hand, loss of solubility and liberation of free lipid 
do not always bear the same relationship to one 
another (cf. p. 110), and the assumption would be 
necessary that in some cases an appreciable interval 
elapses between the denaturation which liberates 
the lipid and the aggregation which results in the loss 
of solubility. Even this explanation does not cover 
the few cases already referred to (p. 110) where a 
marked loss of solubility accompanied a relatively 
minor liberation of lipid, i.e. where denaturation 
appeared to precede splitting. The precise nature of 
the connexion between loss of solubility and libera- 
tion of free lipid has not, therefore, been established. 
From the viewpoint of practical dehydration and 
storage the desirability of drying to low ultimate 
moisture contents and, during drying, of passing 
rapidly and at low temperature through the range 
of critical moisture contents where deterioration is 
rapid can readily be seen from Figs. 9 and 10. 


SUMMARY 


1. The effects of freezing and drying lipovitellin 
and of storage in the frozen and dried states have 
been investigated. 

2. Decomposition of the lipoprotein was mini- 
mized by rapid freezing and thawing, and was not 
increased by very low freezing temperatures. 
Further changes occurred during storage in the 
frozen state at temperatures down to — 29°, and at 
— 3° the lipoprotein became completely insoluble. 

3. Lipovitellin could be freeze-dried at approxi- 
mately neutral pH with but little decomposition, 
and was then comparatively stable at low storage 
temperatures, or even at 37° if very dry. In 
equilibrium with atmospheres of high relative 
humidity the moist solid decomposed much more 
rapidly than either the dry solid or the fully 
moistened or dispersed lipoprotein. 

4. About one-quarter of the lipid of freshly 
freeze-dried lipovitellin was readily extractable with 
ether, but on moistening (at neutral, but not at acid, 
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pH) most of this lipid again became extractable only 
with difficulty. 

5. The parallelism between the two criteria of 
decomposition used, namely dispersibility in 
sodium chloride solution-ether and extractability of 
the lipid with ether, was not complete. 
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The authors are indebted to Dr K. McQuillen for assistance 
with the mobility measurements. The work described in this 
paper has been carried out as part of the programme of the 
Food Investigation Organization of the Department of 
Scientific and Industrial Research. 
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The Effects and the Fate of Malononitrile and Related Compounds 
in Animal Tissues 


By J. STERN, H. WEIL-MALHERBE anp R. H. GREEN 
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(Received 29 December 1951) 


It is generally accepted that the toxicity of aliphatic 
nitriles in the animal body is mainly due to a 
gradual release of cyanide. The evidence on which 
this view is based consists (a) in the similarity of the 
symptoms of intoxication to those of cyanide 
poisoning, with due consideration of the different 
rates at which cyanide is liberated from different 
nitriles, (b) in the antidotal effect of thiosulphate, 
and (c) in the increased excretion of thiocyanate (cf. 
Hunt, 1923). The second and third facts are to be 
attributed to the action of the enzyme rhodanese 
which catalyses the reaction (Lang, 1933): 

HCN + Na,S,0, = HSCN + Na,SO,. 

The formation of cyanide from nitriles has, how- 
ever, not yet been demonstrated in vitro. Lang 
(1933) investigated the formation of SCN” from 
acetonitrile and propionitrile by minced tissues with 
negative results. Warburg (1911; Warburg & 
Wiesel, 1912), who found an inhibition of the respir- 
ation of avian erythrocytes and of the fermentation 
of yeast cells by high concentrations of mono- 
nitriles, came to the conclusion that this was an 
unspecific ‘narcotic’ effect. 


Recently, Hydén & Hartelius (1948) described an 
effect of malononitrile which they could not re- 
produce with cyanide. Using the microspectro- 
graphic method they found, in experiments on 
rabbits, an increase in the concentration of cyto- 
plasmic protein and nucleoprotein of ganglion cells 
1—48 hr. after an injection of malononitrile. Their 
observations are at variance with the results of 
Hicks (1950), Liu (1951) and Reale & D’Argenio 
(1951) using histological techniques, and with those 
of Samuels, Boyarsky, Gerard, Libet & Brust (1951) 
using chemical methods. Nevertheless, the general 
importance of the claims of Hydén & Hartelius and 
the particular interest arising from their recom- 
mendation of malononitrile therapy in mental 
diseases suggested an investigation into the effects 
of malononitrile and other nitriles on the meta- 
bolism of tissue slices, and into the correlation of 
any such effects with the release of cyanide. As 
Heymans & Masoin (1897) have shown, the toxic 
action of malononitrile is fast; it seemed therefore 
well suited for short in vitro experiments. 

Another class of compounds from which cyanide 
is gradually liberated, in the body as well as in 
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presence of tissue preparations, is the group of 
alkyl thiocyanates, especially the lower homo- 
logues of the series (Oettingen, Hueper & Deich- 
mann-Gruebler, 1936). Methyl and ethyl thio- 
cyanates were therefore included amongst the sub- 
stances studied. 


EXPERIMENTAL 
Methods 


Measurement of tissue metabolism. Tissue slices were used 
for metabolism experiments. They were cut free-hand with 
asafety-razor blade moistened with Ringer solution, pooled 
and kept on ice. The manometer vessels were also kept on 
ice until they were attached to the manometers. All results 
were calculated on the basis of the initial dry weight: the 
slices, freed from adhering moisture by filter paper, were 
weighed on the torsion balance and the dry weight calcu- 
lated from the ratio determined on a separate sample which 
was removed from the pool simultaneously with the other 
slices and dried at 100°. Owing to the swelling of the slices 
in Ringer solution the ratio for brain slices varied between 
5-5 and 7-0. 

When respiration alone was measured, ‘medium III’, a 
saline low in phosphate and bicarbonate, but including 
organic salts (Krebs, 1950), was used. In other experiments 
glycolysis was determined by chemical estimation of lactic 
acid while respiration was recorded manometrically. The 
medium used for these experiments differed from medium 
III only by the omission of the three organic salts and their 
replacement by isotonic NaCl; it will be referred to as 
‘medium III, modified’. Respiration was followed in 
conical Warburg flasks containing NaOH in the inner well 
and O, in the gas space. When lactic acid was determined 
chemically, 0-1 vol. of 30% (w/v) trichloroacetic acid was 
added from the side bulb at suitable intervals. The first 
vessel was acidified at the time of starting the readings and 
served as initial value. Lactic acid estimations were 
usually carried out on 0-3 ml. of filtrate by the method of 
Barker & Summerson (1941) as modified by Umbreit, 
Burris & Stauffer (1945). 

In another series of experiments respiration and glycolysis 
were determined simultaneously by the two-vessel method 
of Warburg (1924) in a bicarbonate-glucose medium (Krebs 
& Henseleit, 1932) with O,-5 % CO, as gas phase. 

Respiratory quotients (R.Q.) were determined in bicar- 
bonate medium by the method of Dickens & Simer (1931). 

Anaerobic glycolysis was measured manometrically in 
bicarbonate medium in an atmosphere of N,-5 % CO,. The 
values for the aerobic glycolysis recorded in Figs. 1 and 2 
have been expressed as a percentage of the anaerobic 
glycolysis. In these experiments slices were incubated in 
medium IIT, modified, in N,, for 30 min. and lactic acid 
was determined by chemical estimation. This was done in 
order to measure aerobic and anaerobic glycolysis under 
identical conditions. 

_ For the investigation of the effects of cyanide, Dickens- 
Simer vessels (bicarbonate type) were used. The outside 
circular trough contained 1 ml. of alkaline KCN solution 
(Umbreit et al. 1945). Medium and tissue were introduced 
into the inner chamber and, after the vessels had been 
gassed, they were quickly removed from the manometers 
for the addition of the requisite amount of neutral KCN to 
the medium. All tissue slice experiments were done at 37°. 
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Tissue homogenates and extracts. Tissues were homogenized 
in an all-glass homogenizer (Potter & Elvehjem, 1936) with 
ice-cooled, glass-distilled water, usually in the ratio 1:10. 
For the preparation of extracts, the homogenates were 
centrifuged for 10 min. in an angle centrifuge at 3500 rev./ 
min. and the supernatant was used. When experiments were 
carried out with boiled preparations, the required volume 
was pipetted into the empty reaction flask, which was 
stoppered and put in a boiling-water bath for 10 min. After 
cooling, the other constituents were added. 

Homogenates and extracts of liver were prepared from 
rats which had been starved for 24 hr. before death. 

Estimation of cyanide. The method of Epstein (1947), as 
modified by Boxer & Rickards (1951), has been adapted for 
our purpose. Aeration was carried out in 4-5 trains con- 
nected in series to a water-jet pump. Before entering the 
train the air stream was passed through 2N-NaOH; it was 
then led through the sample containing up to 2 moles 
CN’, through a trap containing 20 ml. acid ceric sulphate 
(0-5N-solution in N-H,SO,) and finally through two collec- 
tion tubes each containing 2 ml. 0-1N-NaOH. Entrainment 
of spray was prevented by suitable traps. Fresh ceric 
sulphate solution was used for each run and the train was 
aerated for about 1 hr. before the addition of the cyanide 
and NaOH solutions. Thereafter aeration was continued, at 
a moderate rate, for 90 min. The cyanide samples usually 
contained 5% trichloroacetic acid and required no further 
acidification. 

Various modifications were also applied to the colori- 
metric procedure. The following stock solutions were used: 
(1) chloramine T, 1%; (2) 3-methyl-i-phenyl-5-pyrazolone 
(recrystallized three times), 0-4% solution in pyridine; 
(3) bis(3-methyl-1-phenyl-5-pyrazolone), 0-1% solution in 
pyridine. Solutions 2 and 3 were stored in a freezing com- 
partment. Immediately before the analysis, 1 ml. of 
solution 1 was mixed with 3 ml. M-NaH,PO, (solution 4; ef. 
Boxer & Rickards, 1951). Further, a pyrazolone-pyridine 
reagent (solution 5) was prepared by mixing | part of 
solution 2, 1 part of solution 3 and 6 parts of water. A 1 ml. 
sample containing not more than 0-3 umole CN” was cooled 
in ice, 0-2 ml]. of solution 4 were added and, after thorough 
mixing, the tube was left at 0° for 2 min. Then 6 ml. of 
solution 5 were added and the mixture was kept at 30° for 
30 min. Ilford spectrum filter no. 608 was used for the 
photoelectric measurement. 

Malononitrile, methyl and ethyl thiocyanate did not 
interfere with the recovery of CN; they did, however, 
slightly increase the reagent blank, probably owing to the 
presence of traces of CN” in the solutions. 

Estimation of thiocyanate. 2 ml. of ferric nitrate solution 
(Cosby & Sumner, 1945) were added to 8 ml. of solution 
containing 0-24-O0umole SCN’. The red colour was 
determined photoelectrically after 15 min. with Ilford 
spectrum filter no. 601. A calibration curve was constructed 
with solutions containing the same concentration of buffer, 
thiosulphate and trichloroacetic acid as the unknown sample, 
and a standard solution and reagent blank were included 
with each series of estimations. Neither malononitrile nor 
the alkyl thiocyanates interfered with the reaction. 

For deproteinization, the sample was mixed with an equal 
amount of 10 % (w/v) trichloroacetic acid containing 0-14% 
formaldehyde (Rosenthal, Rogers, Vars & Ferguson, 1950). 

Estimation of cozymase. The deproteinized filtrates were 
freed from trichloroacetic acid by three extractions with 
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peroxide-free ether (about 5 ml. each time). Ether was 
removed from the aqueous solution in vacuo at about 30°. 
The pH was adjusted to 6-4 and the volume made up to 
about ten times the weight of fresh tissue used. Cozymase 
concentration in the extract was determined by the apozy- 
mase test at 20°, as described by Schlenk & Schlenk (1947). 

Cozymase, prepared by the method of LePage (1947), was 
standardized spectrophotometrically according to Korn- 
berg (1950) and had a purity of 48-5%. 


Materials 


Dimethylmalononitrile. Dimethyleyanacetamide was pre- 
pared from cyanacetamide (Corson, Scott & Vose, 1932) 
according to Errera (1896), and was dehydrated with PCI, 
as described for the preparation of malononitrile (Corson, 
Scott & Vose, 1943). Owing to the tendency of dimethyl- 
malononitrile to sublime, the distillate was collected at 
— 20° and the solidified product was repeatedly washed with 
ice-cold water and dried over P,O; at atmospheric pressure; 
m.p. 30-32°. 

All other substances were commercial products which 
were used without further purification. Malononitrile, re- 
distilled in vacuo immediately before use, gave results which 


Table 1. Effect of malononitrile 
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in no way differed from those obtained with the preparation 
before distillation. The crystals of malononitrile (m.p. 32°) 
were protected from light and stored at 2°. We did not 
notice any signs of decomposition under these conditions 
for many months. 


RESULTS 


The effects of nitriles and related compounds 
on tissue metabolism 


The respiration of brain, kidney and liver slices is 
strongly inhibited by 0-01 M-malononitrile (Tables 1 
and 2). The inhibition is progressive with time and is 
practically complete at the end of the second hour. 
In a bicarbonate medium, the respiration of brain 
and kidney slices is not significantly inhibited by 
0-01m-malononitrile during the first hour of the 
experiment, but in the second hour the effect is as 
strong as in phosphate medium. At the same time 
the aerobic glycolysis of brain slices is increased; it 
reached, in some experiments, 80-90 % of the level 
of the anaerobic glycolysis. Malononitrile, in 


on the respiration of tissue slices 


(Media: III =medium III (Krebs, 1950); III mod.=medium III, modified (cf. Methods section, p. 115); Additions: 


MN =malononitrile (001m); 0=none. Qo, values are in pl./mg. dry wt./hr.) 





Inhibition 
Qo, (%) 
No. Species Tissue Medium Addition Ist hr. 2nd hr. Ist hr. 2nd hr. 

] Rabbit Brain Ill 0 — 12-7 - 10-1 — 
MN -—8-3 —4:5 35 55 
2 Rat Brain Ill 0 — 15-6 — — — 
MN — 10-3 — 34 — 
3 Rat Kidney Ill 0 — 27-0 — 26-0 — — 
MN — 20-0 —12-0 26 54 
4 Rat Kidney III 0 — 29-0 — 24-0 _ — 
Na,S,0,* -27-0 -21-0 7 12 
MN -—19-0 -—5:7 35 76 

MN +Na,8,0,* — 23-0 —4-0 15f 8lt 
5 Rat Liver Til 0 —11-6 -11-9 — — 
MN — 6:8 -1:8 41 85 
6 Rat Liver Ill 0 —11-4 —10-4 — — 
Na,S,0,* ~10-1 ~ 8-8 ll 15 
MN — 6-4 -15 44 85 

MN + Na,S,0,* —7-6 —2-3 25t 74 
7 tat Kidney Bicarbonate 0 — 20-3 — 16-8 -- — 
Na,S,0,+ 22-2 -118 0 30 

MN +Na,8,0,+ ~7-9 ~ 2-2 64t sit 
8 Rat Liver Bicarbonate 0 — 13-2 — 12-4 — -- 
Na,S,0,+ ~ 133 -12-9 0 0 
MN -4-9 -—1-5 63 88 

MN +Na,S,0,+ -3-0 -2:3 77t 82t 

9 Rat Kidney III mod. 0 — 16:7 — 16-2 — _— 
Na,S,0,+ ~123 -11-7 26 28 
MN -8-8 —59 47 64 

MN + Na,S,0,+ —10-7 -5°7 13 51t 
10 Rat Liver III mod. 0 — 9-4 —9-2 — —_ 
Na,S,0,+ -8-4 ~68 10 26 
MN —4-8 — 2-6 49 72 

MN +Na,S,0,+ -7-2 -1-1 14t 84t 


* 0-05M. + 0-035. 


{ Calculated on control + Na,S,O,. 
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0-01 mM-concentration, had little effect on the anaero- 
bic glycolysis during the first hour (Table 3), but 
during the second hour both aerobic and anaerobic 
glycolysis tended to decrease. With lower concen- 
trations of malononitrile there was no falling-off of 
the aerobic glycolysis during the second hour. 
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the inhibition of respiration caused by malono- 
nitrile was often partly relieved, but in the second 
hour respiration was equally inhibited in the pre- 
sence and in the absence of thiosulphate (excepting 
Exp. 6, Table 2). Thiosulphate did not prevent the 
rise of the aerobic (Table 2) or the inhibition of the 


Table 2. Effect of malononitrile, methyl and ethyl thiocyanates on respiration 
and aerobic glycolysis of brain slices 


(Experiments in bicarbonate medium were performed by Warburg’s two-vessel method. Where phosphate medium 
(medium III, modified) was used, lactic acid was determined chemically. Inhibitor concentration 0-01 M.) 





Inhibition 
Qo, (%) Qe 
. c ; o : + a ~ 
No. Species Medium Addition Isthr. 2ndhr. Isthr. 2ndhr. Isthr. 2nd hr. 
1 Rat Bicarbonate 0 -9-1 — 9-2 as — +155 - 0-2 
Malononitrile -11-5 — 2-5 0 73 +- 10-9 +7-2 
2 tat Phosphate 0 -9-1 —9-5 — — +0-7 +0-3 
Malononitrile — 6-2 -—3-3 31 65 +5-6 +5-6 
3 Rat Bicarbonate 0 —11-2 = ~~ — +2-7 _- 
Methyl thiocyanate -— 13-2 — 0 -- + 15-2 
Ethyl thiocyanate - 12-0 -- 0 — +123 — 
4 Rat Phosphate 0 -113 -10-2 — — +2-2 +1-4 
Methyl thiocyanate — 6-3 -4-0 44 61 +8-8 +6-1 
Ethyl thiocyanate - 6-7 -5-2 41 49 +73 +51 
5 Rat Phosphate Na,S,0,* -8-5 — 9-2 — - +25 +4-1 
Malononitrile + Na,S,0,* -6-9 —3-5 19 62 + 7-5 +8-0 
6 Guinea pig Bicarbonate 0 -8-9 -—7-2 — —- +2-6 +18 
Malononitrile -6-9 —3-2 22 56 +18-0 +9-9 
Na,S,0,* ae 15 3 +09 +07 
Malononitrile + Na,S,0,* -6-9 - 5-5 9t 21t +149 +12-4 


* 0-035M. 


Similar effects were observed with 0-01 mM-methyl 
and ethyl thiocyanates (Table 2), but not with any 
of the following substances (all in a concentration of 
001m): acetonitrile, propionitrile, butyronitrile, 


Table 3. Effects of malononitrile and of thiosulphate 
on the anaerobic glycolysis of guinea pig brain slices 


Qe 
— —_—_—> 
Addition Ist hr. 2nd hr. 
0 24-8 24-8 
Malononitrile (0-01 m) 19-6 11-5 
Na,S,0, (0-035 m) 23-7 29-6 
Malononitrile + Na,S,0, 18-7 13-5 


isovaleronitrile, capronitrile, socapronitrile, acrylo- 
nitrile, succinonitrile, glutaronitrile, dimethyl- 
malononitrile, ethyl cyanoacetate. A slight inhibi- 
tion of respiration and increase of aerobic glycolysis 
was found in some cases, but the effects are of doubt- 
ful significance. The numerical results of these ex- 
periments are therefore omitted. 

Thiosulphate, which has such a dramatic effect 
as an antidote to malononitrile poisoning in vivo, 
has only a comparatively slight action in vitro 
(Tables 1 and 2). In the first hour of the experiment 


t Calculated on control + Na,§,03;. 


anaerobic glycolysis (Table 3) produced by malono- 
nitrile in brain slices. Thiosulphate itself has a 
slight inhibitory effect on respiration and may some- 
what increase the aerobic glycolysis of brain slices, 
especially in the second hour. 

For comparison, the antagonism between cyanide 
and thiosulphate was investigated in experiments 
with tissue slices (Table 4). Although the effects of 
cyanide were not completely reversed by thio- 
sulphate, they were clearly alleviated. The inhibi- 
tion of respiration by cyanide, unlike that caused by 
malononitrile, is not progressive with time; this is 
probably the reason why the antagonistic effect of 
thiosulphate is maintained in the second hour in the 
experiments with cyanide, but not in those with 
malononitrile. 

The determination of respiration and aerobic 
glycolysis of brain slices by the Dickens-Simer 
method confirmed the effects of malononitrile 
found with other methods. The R.Q. was not 
affected (Table 5). 

Concentration effects. Fig. 1 shows the effects of 
increasing concentrations of malononitrile on the 
respiration and aerobic glycolysis of rat-brain 
slices in phosphate medium during the first hour. 
It appears that concentrations which inhibit 
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respiration by only about 10% raise the level of 
aerobic glycolysis to about 50% of that of the 
anaerobic glycolysis. It is noteworthy that res- 
piratory inhibitions of this order were observed with 
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100 times smaller than those of malononitrile 
(Fig. 2). Here, too, aerobic glycolysis is inhibited at 
high concentrations, possibly owing to cyano- 
hydrin formation. 


Table 4. Effect of cyanide and thiosulphate on the metabolism of rat-tissue slices 


(Phosphate saline (medium III, modified); cyanide 10-*m, thiosulphate 0-035.) 





~ Inhibition 
Qos (%) 
- . ‘ c ” Y 3 
No. Tissue Addition Ist hr. 2nd hr. Ist hr. 2nd hr. Ist hr. 
1 Kidney 0 — 18-8 — 16-2 _ —_— — 
Na,S,0, — 16-2 — 16-2 14 0 _ 
KCN —83 -—7:3 56 55 - 
KCN + Na,8,0, —15-0 — 12-4 7-4 23 — 
2 Kidney 0 -17:9 —17-2 —- — — 
Na,S8,0, —17-7 — 16-7 1 3 — 
KCN -7-9 -7-0 56 59 — 
KCN + Na,8,0, — 15-5 — 14-2 12 15 — 
3 Liver 0 -8-3 -8-3 — a _- 
Na,S,0, —8-9 -75 0 10 — 
KCN —4-7 —4-6 43 45 — 
KCN + Na,S8,0, —6:8 -5:3 23 29 — 
4 Liver 0 —8-4 -79 -- — — 
Na,§,0, -8-7 —6-8 0 1 — 
KCN —4:8 —3-4 43 57 — 
KCN +Na,S,0, -6-7 —5-4 23 2 am 
5 Brain 0 -9-7 — — — 2-1 
Na,S,0, -8-9 eee 8 _ 4-6 
KCN -3-1 _ 68 — 12-1 
KCN +Na,8,0, —5-0 a 44 — 6-3 





several of the other nitriles tested without the effect 
on aerobic glycolysis, suggesting a specific mech- 
anism for the effect of malononitrile in contrast to 
an unspecific, ‘narcotic’ effect of other nitriles. 

At concentrations of malononitrile greater than 
0-03M, the curve of the aerobic glycolysis shows no 
further rise, but rapidly declines until, at a concen- 
tration of 0-1m, aerobic glycolysis is completely 
inhibited. This may be due, at least in part, to a 
direct reaction of malononitrile with glucose 
indicated by the appearance of a yellow colour, but, 
in addition, the unspecific, ‘narcotic’ action of 
malononitrile may be expected to become manifest. 


Table 5. Respiratory quotient of guinea pig brain 
slices in bicarbonate medium (Dickens & Simer, 
1931) 


(Duration of experiment, 2 hr.) 


No. Addition Qo, Qe R.Q. 
1 0 —83 +06 1-01 
Malononitrile (0-Olm) -4-5 +12-0 1-08 

2 Malononitrile (0-Olm) —-5-7 +8-6 0-96 


The curves of respiratory inhibition and aerobic 
glycolysis are of a similar shape and show a similar 
relationship to each other when cyanide is used 
instead of malononitrile, except that the effects 
occur at concentrations of cyanide which are about 


The effect of malononitrile injections on the 
concentration of lactic acid and cozymase in rat brain 


Male white rats were injected subcutaneously 
with 14 mg./kg. of malononitrile in 0-35 % aqueous 
solution. Though this is a near-lethal dose, none of ; 
the injected rats succumbed within 2hr. The 
animals were dyspnoeic and cyanotic and were lying 
quietly in their cages. Convulsions were occasion- 
ally seen. In some rats the effects had largely worn 
off after 2 hr. A second injection, equal to the first, 
was given to three animals after 1 hr. 

The rats were killed after 2 hr. by immersion in 
liquid oxygen. The brains were dissected while 
frozen and crushed in a cooled steel mortar (LePage, 
1948). The frozen powder was transferred to tared 
weighing bottles containing 10% trichloroacetic 
acid ; these were then re-weighed. A series of control 
values was obtained by analysing the brains of 
normal rats in the same way. 

The results obtained after malononitrile in- 
jection are collected in Table 6. In the first five rats 
the values were within the normal variation. 
Though these animals showed no obvious difference 
in behaviour and appearance from the rest, the 
effects of malononitrile had presumably largely 
subsided when they were killed. The other ten 
experiments show a significant increase in lactic 
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Fig. 1. Effect of varying concentrations of malononitrile on 
the respiration and aerobic glycolysis of rat-brain slices. 
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—6 —5 —4 —3 =< 
Log « 
Fig. 2. Effect of varying concentrations of cyanide on the 


respiration and aerobic glycolysis of rat-brain slices. 


Slices suspended in medium ITI, modified; incubated in O, for 1 hr. All points are the means of three to four experiments. 
Curve A: inhibition of respiration. Curve B: aerobic glycolysis in percentage of anaerobic glycolysis. c, Concentra- 


tions of malononitrile and cyanide (m). 


acid concentration. It is particularly marked in the 
last three rats which had received a second injection. 


Table 6. Concentration of lactic acid in brains of 
rats previously injected with malononitrile 


(All rats received an injection (14 mg./kg.) 2 hr. before 
sacrifice; rats 13, 14 and 15 received a second injection 
1 hr. after the first.) 

Lactic acid 

(mg./100 g.) 
t m = 
Excess over mean 





No. Found of control series 
1 20-4 -9-0 
2 24-9 -4:5 
3 29-7 0-3 
4 31-0 1-6 
5 31-4 2-0 
6 47-8 18-4 
Z 49-4 20-0 
8 54-2 24-8 
9 72-0 42-6 
10 82-5 53-1 
ll 98-0 68-6 

2 122-0 92-6 
13 103-0 73-6 
14 107-0 77-6 
15 112-0 2-6 


In fifteen control experiments the mean value was 
29-4 mg./100 g., s.D. 7-0, S.E. 1-81. Deviation from mean 
at PS0-05, = 15-0. 


These experiments show that the increase of aerobic 
glycolysis observed with brain slices also occurs in 
the living brain after an injection of malononitrile. 


The concentration of cozymase in rat brain was 
not significantly changed after malononitrile in- 
jection. The mean value found in twelve control 
rats was 26-74 + 1-78 mg./100 g. of fresh brain, that 
in seventeen injected rats, 24-57+1-91 mg. The 
probability of the difference being due to chance 
variation is 0-44. The cozymase concentration found 
in these experiments is midway between the figures 
reported by Gore, Ibbott & McIlwain (1950) and by 
Axelrod & Elvehjem (1939). 


The effects of tissues on malononitrile 


If malononitrile, together with sodium thio- 
sulphate, is added to a tissue homogenate, a forma- 
tion of SCN” is observed which increases linearly 
with time (Fig. 3). The activities of homogenates of 
liver, kidney and brain decrease in that order; in the 
rat they are in the proportion of 34: 14: 1. Rhodanese 
shows a very similar distribution; according to 
Himwich & Saunders (1948), rhodanese activities of 
rat liver, kidney and brain cortex are as 20-40: 15:1. 
The amounts of SCN” formed from cyanide by 
kidney and liver preparations are however 2500— 
3000 times higher, per unit of weight, than those 
formed from malononitrile. This comparison is 
based on our own estimations of rhodanese activity 
at 30° which, for extracts of rat kidney and liver, 
gave figures three to four times higher than those 
reported by Himwich & Saunders. Rhodanese is 
therefore present in vast excess. Since rhodanese 
activity is not inhibited by malononitrile in concen- 


120 


trations up to 0-02Mm (Table 10) it cannot be alimiting 
factor in the formation of SCN” from malononitrile. 

The system responsible for the formation of SCN~ 
from malononitrile by rat-liver homogenate in the 
presence of 0-05M-sodium thiosulphate is saturated 


SCN~(pmole/5 ml.) 





25 50 75 100 
Time (min.) 
Fig. 3. Formation of thiocyanate from malononitrile 


(0-005M) and thiosulphate (0-05M) by rat tissue homo- 
genates. Final dilution of liver and kidney homogenates 
1:33, of brain homogenate 1:9. The medium contained 
0-04m-glycine buffer, pH 8-2. All points were corrected 
for thiocyanate content of control experiments containing 
boiled homogenates. 


by 0-0033mM-malononitrile. The low concentration 
level at which saturation occurs is in favour of a 
specific catalyst. 

The pH optimum for the formation of SCN” from 
malononitrile by liver extract is near 7-0 (Fig. 4). 
The activity of the system is higher in glycine than 
in phosphate buffer. Although phosphate buffer was 
used in the earlier experiments it was later replaced 
by a glycine buffer of pH 8-2. The final pH of the 
reaction mixture which was repeatedly checked with 
a glass electrode was 7-2—7°3, 

Saunders & Himwich (1950) noted that rho- 
danese is strongly inhibited by cysteine. The same 
applies to SCN” formation from malononitrile. 
Inhibition of a less severe degree was also observed 
in the presence of reduced glutathione and of 


adenosinetriphosphate. Sodium fluoride, on the 


other hand, is without effect (Table 7). 

No trace of SCN formation was found when any 
of the following substances, in 0-005Mm-concentra- 
tion, was incubated with rat-liver homogenate 
(1:33) for 2 hr. at 30°: acetonitrile, propionitrile, 
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butyronitrile, isovaleronitrile, succinonitrile, glu- 
taronitrile, dimethylmalononitrile and ethyl cyano- 
acetate. 

The effect of thiosulphate. The action of tissue 
preparations on malononitrile was further studied 
in experiments in which CN” and SCN” were esti- 
mated in separate samples of the same solution 


SCN™(jumole/5 ml.) 
> — Y 
} a } 


° 
wn 





Fig. 4. Effect of pH on thiocyanate formation from malo- 
nonitrile (0-005 M) by rat-liver extract (1:33). The medium 
contained Na,S,0, 0-05M, buffers 0-05m. Incubated at 
30° for 2hr. Curve A: phosphate buffers. Curve B: glycine 
buffers. The values of pH were determined after the 
incubation with a glass electrode. All points were cor- 
rected for the thiocyanate content of control experiments 
with boiled extract. 


Table 7. Inhibition of thiocyanate formation 
from malononitrile by rat-liver extract 


(5 ml. solution contained 0-005 m-malononitrile, 0-05m- 
Na,S,0,, 0-05 m-phosphate buffer pH 7-4, extract 1 : 16-67. 


Incubated for 2 hr. at 30°.) 
Rate of SCN™ 
formation as 
percentage of 


Addition control experiment 
0-01 m-Cysteine 10-1 
0-01 M-Glutathione (GSH) 38-5 
0-005 m-Adenosinetriphosphate 68-5 
0-03 M-NaF 92 


(Table 8). It was usually found that the sum of the 
molar concentration of the two ions was larger when 
the incubation was performed in the presence of 
sodium thiosulphate. The results were corrected 
for non-enzymic effects by control experiments 
with boiled tissue preparations. Some non-enzymic 
formation of CN took place; the boiled preparations 
also seemed to possess a residue of rhodanese 
activity. The non-enzymic reaction is, however, 
small compared with the enzymic reaction, especi- 
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ally in presence of 8,0; . The results obtained with 
kidney and brain, though on a smaller scale, were 
similar to those observed with liver. Liver homo- 
genate was slightly more active than liver extract, 
but no significant difference was found between 
homogenate and extract in the case of kidney or 
brain. 
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Similar experiments were performed with methyl 
and ethyl thiocyanate (Table 9). The results are 
complicated by a considerable non-enzymic forma- 
tion of cyanide, especially from methyl thiocyanate. 
$,0; has little effect in presence of a denatured 
tissue preparation, but it does increase the sum total 
of CN’ +SCN™ in presence of an enzymically active 


Table 8. Effect of tissue homogenates and extracts on malononitrile (0-01M) in presence 
and absence of thiosulphate 


(5 ml. solution contained 0-04Mm-glycine buffer, pH 8-2. Incubation for 2 hr. at 30°. H, homogenate. E, extract.) 





_— 
(1) Preparation 
enzymically active 


Tissue Final Prepara- Na,S8,O, : 

No. (rat) dilution tion (M) CN" SCN" 
1 Liver 1:33 H 0 0-91 0-46 
0-05 0-40 2-42 

E 0 0-96 0-36 

0-05 0-40 1-75 

2 Liver 1:33 H 0 0-56 0-31 
0-05 0-15 2-12 

E 0 0-54 0-31 

0-05 0-19 1-65 

3 Kidney 1:33 H 0 0-35 0-26 
0-05 0-20 1-03 

E 0 0-38 0:26 

0-05 028 0-98 

4 Brain 1:16-7 H 0 0-12 0-29 
0-05 0-03 0-52 

E 0 0-14 0-32 

0-05 0-03 0-57 





pmoles 
(2) Preparation Difference 
boiled (1) - (2) 
= = ‘ = P 
Total CN SCN Total CN SCN” Total 
1-37 0-37 0-26 0-63 0-54 0-20 0-74 
2-82 0-27 0-41 0-68 0-13 2-01 2-14 
1-32 0-37 0-31 0-68 0-59 0-05 0-64 
2°15 0-28 0-41 0-69 0-12 1-34 1-46 
0-87 0-58 0-31 0-89 -0-02 0 — 0-02 
2-27 0-47 0-41 0-88 -0-32 1-71 1-39 
0-85 0-50 0-31 0-81 0-04 0 0-04 
1-84 0-56 0-41 0-97 -0-37 1-24 0-87 
0-61 0-28 0-26 0-54 0-07 0 0-07 
1-2 0-23 0-31 0:54 -0-03 0-72 0-69 
0-64 0-26 0-21 0-47 0-12 0-05 0-17 
1-26 0-21 0-26 0-47 0-07 0-72 0-79 
0-41 0-09 0-19 0-28 0-03 0-10 0-13 
0-55 0-08 0-20 0-28 -0-05 0-32 0-27 
0-46 0-08 0-15 0-23 0-06 0-17 0-23 
0-60 0-09 0-19 0-28 -0-06 0-38 0-32 


Table 9. Effect of liver homogenates and extracts on methyl and ethyl thiocyanate 


Arrangement as described in Table 8 


(Controls. Exp. 1: control contained boiled tissue preparation and was incubated for 2 hr. at 30°. Exp. 2 and 3: 5 ml. 
10% trichloroacetic acid were added to control sample before addition of tissue preparation. The sample was analysed 
without previous incubation. Me-SCN, methyl thiocyanate; Et-SCN, ethyl thiocyanate; H, homogenate; E, extract.) 








pmoles 
(1) Preparation (3) Drug incubated Difference 
enzymically active (2) Control without tissue (1) - (2) 
Prepara- Drug Na,S,0, ; ~\ —_,  — A ¢ —A— S 
No. tion added (M) CN” SCN Total CN” SCN’ Total CN” SCN’ Total CN” SCN Total 
1 H Me-SCN 0 1:50 0-57 2:07 2-44 0:26 2:70 — ~- — -0-:94 0-31 -0-63 
(0-01 m) 0-05 150 1-68 3-18 2-84 0-46 3-30 - -- — -1-34 1-22 -0-12 
E 0 1:31 0-41 1-72 1-31 021 152 — _ — 0 0-20 0-20 
0-05 1:50 1:50 3-00 1:89 037 226 — — — -039 113 0-74 
2 H Me-SCN 0 0-56 0-21 0-77 1:35 0O 1:35 1:04 0 1:04 -0:79 0-21 -0-58 
(0-005 m) 0-05 0-60 1:01 161 135 004 139 153 O 1:53 -0-75 0-97 0-22 
E 0 0-77 0-10 0-87 1:48 0 148 — — — -071 0-10 -0-61 
0-05 0:70 0-83 1:53 1:30 004 134 — — — -0-60 0-79 0-19 
3 H Et-SCN 0 0-23 0-52 0-75 0-47 O 0:47 O21 O 0-21 -0-24 0-52 0-28 
(0-005 Mm) 0-05 0-35 O81 1:16 058 0 0-58 0-62 0O 0-62 -0-23 0-81 0-58 
E 0 0-54 046 1:00 0-40 0 040 — = — 0-14 0-46 0-60 
0-05 0:35 0-77 1:12 0:36 0 0-36 — — _— -0-01 0-77 0-76 
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preparation, and even without any tissue at all. The 
evidence for an enzymic effect is less ambiguous in 
the experiment with ethyl thiocyanate; whether 
SCN” is formed by direct hydrolysis or by the 
secondary reaction of the CN group with an 8 
compound cannot be decided, but the increase of 
SCN” formation in presence of 8,03” is in favour 
of the second mechanism. A surprising feature, 
especially of the experiments with methyl thio- 
cyanate, is the relatively high concentration of CN~ 
which is observed even in the presence of 8,03 - and 
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with and one without 8,03; ; to a third 8,0,” was 
added 10min. before termination of the experi- 
ment. Owing to the large excess of rhodanese 
activity, it can be expected that 10min. are 
sufficient to allow the transformation of any CN- 
present into SCN” after adding 8,0; . The forma- 
tion of SCN” was larger when 8,03; was present 
throughout the experiment than when its addition 
was delayed. The result was similar with each of the 
three compounds tested, but it was most marked in 
the case of malononitrile. 


Table 10. Effect of malononitrile and alkyl thiocyanates on rhodanese activity 


(5 ml. solution contained 0-05M-KCN, neutralized, 0-05m-Na,S,0,, 0-04m-glycine buffer pH 8-2, 0-02 M-malononitrile or 


alkyl thiocyanate. Incubated for 10 min. at 30°.) 


Activity as percentage of control 
experiment in presence of 





= : 4 
Tissue extract Final Methyl Ethyl 
(rat) dilution Malononitrile thiocyanate thiocyanate 
Liver 1:3333 100 60-6 67-2 
Kidney 1: 1667 100 60-0 63-5 
Brain 1:250 100 66-0 74-6 


an active rhodanese. This may to some extent be 
accounted for by an inhibition of rhodanese activity 
in presence of methyl or ethyl thiocyanate 


(Table 10). 


Table 11. Effect of delayed addition of thiosulphate 
on thiocyanate formation from malononitrile, 
methyl and ethyl thiocyanate by rat-liver homogenate 
(5 ml. solution contained 0-04m-glycine buffer pH 8-2, 


malononitrile or alkyl thiocyanate 0-005m, homogenate 
1:33. Incubated for 2 hr. at 30°.) 


Formation of SCN” (umoles) from 


Addition of Malono- Methyl Ethyl 
0-05 M-Na,S,05 nitrile thiocyanate thiocyanate 
None 0-25 0-26 0-36 
At start 1-44 0-75 0-58 
After 110 min. 0-55 0-39 0-48 


The effect of S,0;” was further demonstrated by 
the following experiment (Table 11): of three 
samples of liver homogenate one was incubated 


For the interpretation of the effect of sodium 
thiosulphate it is essential to know whether the 
presence of sodium thiosulphate affects the re- 
covery of the sum total of CN'-+SCN™ after the 
incubation of CN’ with tissues. In experiments 
with rat-liver homogenate it was found that added 
CN is quantitatively recovered in the form of 
SCN” when 8,03 is present, but in its absence the 
sum of CN +SCN™ does not account for the CN” 
initially added (Table 12). This result suggests that 
the effect of S,0;~ is due, at least in part, to the 
successful competition of rhodanese with other 
systems capable of removing CN . 

Effects of purified rhodanese. Several observations 
suggest a connexion between rhodanese and the 
system responsible for the SCN” formation from 
malononitrile and alkyl thiocyanates, e.g. the 
distribution of activity, the dependence on 8,0; — 
and the inhibition of cysteine. The action of purified 
liver rhodanese was therefore investigated. The 
enzyme was prepared from rabbit liver by the 


Table 12. Recovery of cyanide and thiocyanate after incubation of rat-liver homogenate 
with cyanide in presence and absence of thiosulphate 


(5 ml. solution contained 150 mg. homogenized rat liver and 0-04Mm-glycine buffer, pH 8-2. 


Incubated for 2 hr. at 30°.) 


Initial recovery (1) 


Exp. Na,S,0, CN" —_——————x/——_, 
no. (mM) added CN™ SCN” Total 
l 0 3-85 3:77 0 3°77 

0-05 3°85 0 3-85 

2 % 3-70 3-46 0 3-46 

0-05 3-62 0 3-62 

3 0 3°54 3°39 0 3°39 

0-05 3-54 0-07 3-62 


Final pH adjusted to 7:3. 


pmoles 


ies ta ~ a 
Difference (2) — (1) 


Final recovery (2) 


CN- SCN- Total ‘CN-  SCN- Total 
262 0 262-115 0 1-15 
003 381 384 -382 +381 -0O1 
2-85 0-07 2-92 —0-61 +0-07 — 0-54 
0 387 387 -362 +387 +025 
2-54 0 2-54 —Q-85 0 — 0-85 
0 3°87 3°87 — 3-54 + 3-80 +0-25 
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method of Cosby & Sumner (1945). The final 
product, assayed according to these authors, formed 
4-5 umoles SCN /mg. protein in 5 min. at 20°. The 
effect of this preparation on malononitrile, methyl 
and ethyl thiocyanate was tested in an experiment 
in which these substances were incubated for 3 hr. 
at 30° with an amount containing 38 mg. protein. 
Samples containing boiled enzyme solution served 
as controls. Ten minutes before the termination of 
the experiment, active enzyme solution containing 
4-2 mg. protein was added to both experimental 
and control flasks in order to convert any CN~ 
formed in the control samples to SCN . The ratio of 
activities should remain unchanged after purifica- 
tion; a simple calculation shows that, if the effects 
of the crude extracts were due to the activity of 
rhodanese, malononitrile would yield at least 
2umoles SCN’ (at 20°). Instead, purified rhodanese 
was without effect on the formation of SCN” from 
malononitrile (Table 13). Ethyl and particularly 


Table 13. Effects of purified rhodanese 


(7-5 ml]. solution contained 38mg. protein, 0-05m- 
Na,S,0,, 0-04M-glycine buffer pH 8-2. Incubated at 30°. 
After 3 hr. 0-5 ml. enzyme solution (=4-2 mg. protein) 
were added to all flasks and incubation was continued for 


10 min.) 
Formation of SCN™ 


(umoles) 
snacieeigamal 
Additions Boiled Active 
(0-01 m) enzyme enzyme 
Malononitrile 0-14 0-14 
Methyl thiocyanate 2-45 1-07 
Ethyl thiocyanate 1-60 0-56 


methyl thiocyanate gave rise to SCN’ formation, 
but the effect was larger in the sample containing 
denatured protein and was therefore presumably 
non-enzymic. 


DISCUSSION 


The observations here recorded are compatible with 
the supposition that the pharmacological effects of 
malononitrile are the consequence of a gradual 
liberation of cyanide in the tissues. The increase and 
eventual inhibition of the aerobic glycolysis of tissue 
slices by increasing concentrations of cyanide is of 
course well known (cf. Warburg, 1949). As our 
results with rat-brain slices show, low concentra- 
tions of cyanide seem to affect the aerobic glycolysis 
more strongly than the respiration ; the stimulation 
of aerobic glycolysis reached its peak when the 
respiration was inhibited by about 50%. Similar 


results were obtained with malononitrile, though in 
concentrations about 100 times higher than those of 
cyanide. The similarity does not necessarily indicate 
the identity of the inhibitory mechanism, since 
results of this kind may be observed with a variety 
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of respiratory inhibitors, such as nicotine (Baker, 
Fazekas & Himwich, 1938), barbiturates (Webb & 
Elliott, 1951), maleic (Weil-Malherbe, 1938) or 
cinnamic acid (Weinbach, Lowe, Frisell & Heller- 
man, 1951). On the other hand, out of a series 
of nitriles, including dimethylmalononitrile, none 
except malononitrile showed either cyanide-like 
effects on tissue metabolism or gave rise to SCN” 
formation in presence of tissue preparations. The 
only substances which in both these respects 
resembled malononitrile were methyl and ethyl 
thiocyanate. It is therefore highly probable that 
the effects on tissue metabolism are correlated with 
the transformations induced by tissue preparations. 

Compared with its antidotal activity in vivo the 
antagonistic effect of sodium thiosulphate against 
malononitrile is slight and transient in tissue-slice 
experiments. The discrepancy also applies to 
cyanide, though to a lesser extent. Rhodanese is 
known to be localized mainly in the mitochondrial 
fraction of liver cells (Ludewig & Chanutin, 1950; 
Archibald, Meyer & Greenough, 1951) and is thus 
accessible only to intracellular substances; as 
Himwich & Saunders (1948) have shown, the 
rhodanese activity of rabbit liver or brain is about 
sixteen times larger when the tissue is homogenized 
than when it is sliced. Permeability factors may 
thus account for the results in vitro, though it is 
obscure why they seem less important in vivo. 

Whereas a formation of SCN’ could be detected 
in vitro only from malononitrile, the reaction is 
known to occur with most other nitriles in vivo. 
This difference is probably quantitative rather 
than qualitative. Next to cyanogen, malononitrile 
has a more rapid toxic action than other dinitriles 
in the body (Heymans & Masoin, 1897). Toxic 
symptoms and SCN’ excretion are slow to appear 
and to disappear with most nitriles, and it may be 
assumed that their rate of breakdown is too slow to 
be demonstrable in a short-term experiment with 
tissue preparations. 

The increase of lactic acid concentration in the 
brains of injected rats shows that the aerobic 
glycolysis observed with brain slices also occurs in 
the intact animal. The results are in line with those 
obtained in studies of cyanide poisoning (Albaum, 
Tepperman & Bodansky, 1946; Olsen & Klein, 
1947). On the other hand, the cozymase content of 
rat brain was found to be unaltered after malono- 
nitrile injection. The microspectrographic observa- 
tions of Hydén & Hartelius (1948) are thus not 
reflected in concentration changes of this particular 
nucleotide which might be expected to be especially 
sensitive to changes in respiratory activity. 

The effect of S,0;~ on the formation of SCN” 
from malononitrile seems to be adequately explained 
by the prevention of side reactions in which part of 
the cyanide liberated from the nitrile may dis- 
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appear, but the possibility cannot be excluded that 
S,03; in some way activates the decomposition of 
malononitrile. Saunders & Himwich (1950) showed 
that rhodanese, unless protected by 8,03 , is in- 
hibited by cyanide. Though the concentration of 
CN’ present in our experiments is too small to make 
rhodanese activity limiting, the activity of some 
other enzyme taking part in the reaction may be 
similarly affected. There is further the possibility 
that S,0;” may be involved in the reaction as a 
specific electron donor. In favour of such: an 
assumption is the catalytic effect of S,0;~ on the 
formation of CN” from methyl and ethyl thio- 
cyanates in absence of a tissue preparation. The 
action of tissue preparations on the alkyl thio- 
cyanates may be largely due to an unspecific effect 
of SH groups, since it persists after denaturation of 
protein. It is interesting to note that Aldridge 
(1951) has proposed a mechanism for the dissocia- 
tion of cyanogen chloride involving complex forma- 
tion with reduced glutathione. As far as nitriles are 
concerned it is known that 8,0; accelerates the 
dissociation of the labile lactonitrile (Meurice, 1900). 
On the other hand, no effect of S,03;~ on the spon- 
taneous dissociation of malononitrile could be 
detected at 30° in short-term experiments. More- 
over, malononitrile was only attacked by en- 
zymically active, but not by denatured, tissue pre- 
parations and this reaction was inhibited by SH 
compounds. It thus seems that two mechanisms 
must be distinguished: an unspecific effect which is 
predominant in the case of alkyl thiocyanates and 
which may be mediated by SH-groups and a specific, 
enzymic effect which is predominant in the case of 
malononitrile. 


SUMMARY 


1. Out of a series of compounds, including eleven 
nitriles and ethyl cyanoacetate only malononitrile, 
methyl thiocyanate and ethyl thiocyanate were 
found to have any marked effect on tissue slices and 
to give rise to the formation of cyanide and thio- 
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cyanate in presence of tissue homogenates or ex- 
tracts. 

2. Inexperiments with tissue slices, malononitrile 
caused an inhibition of respiration, progressive with 
time, and an increase of aerobic glycolysis. Its 
action resembled that of cyanide at a molar con- 
centration 100 times smaller. Thiosulphate an- 
tagonizes the effects of cyanide to some extent 
while it alleviates those of malononitrile only in the 
first, not in the second, hour of the experiment. 

3. Subcutaneous injection of malononitrile 
(14 mg./kg.) increased the lactic acid content of rat 
brain after 1-2 hr., but did not change the concen- 
tration of cozymase. 

4. The formation of thiocyanate from malononi- 
trile and thiosulphate is highest in presence of liver 
tissue, lowest with brain and intermediate with 
kidney. The liver enzyme system is saturated at a 
concentration of 0-0033M-malononitrile and has a 
pH optimum of 7-0. It is inhibited by cysteine and 
glutathione and inactivated by boiling. 

5. The sum total of cyanide and thiocyanate 
formed from malononitrile by enzymically active 
tissue preparations was larger in presence than in 
absence of thiosulphate. The effect appears to be 
mainly due to the conversion of cyanide into thio- 
cyanate thus preventing its disappearance in 
secondary reactions. 

6. The formation of cyanide and thiocyanate 
from methyl and ethyl thiocyanate seems to be 
largely due to unspecific, non-enzymic factors. 
Both substances; at 0-02M-concentration, cause a 
40 % inhibition of rhodanese activity. 

7. A purified preparation of rhodanese did not 
induce any formation of thiocyanate from malono- 
nitrile and thiosulphate. 


A specimen of malononitrile has been put at our disposal 
by Dr A. Roberts, Medical Department, Messrs Boots Pure 
Drug Co. Ltd. J. Stern has been working under an assistance 
grant from the Medical Research Council. We wish to 
express our gratitude for the help received. 
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Kenten & Mann (1949, 1950) found that certain 
plant extracts catalysed the oxidation of bivalent 
manganese (Mn++) by added hydrogen peroxide 
and showed that this catalysis was due to peroxidase 
systems in the plant extracts. It was suggested that 
in vivo hydrogen peroxide formed by flavoprotein 
enzyme systems could be used for the oxidation of 
Mn++ by peroxidase systems and colorimetric 
evidence of such oxidation was obtained using the 
xanthine-oxidase-hypoxanthine system as a source 
of hydrogen peroxide. In later work, Kenten & 
Mann (1951) demonstrated that many plant 
extracts, in the absence of added hydrogen peroxide, 
oxidized Mn++ and that with pea-seedling extracts 
the oxidation depended on the formation of hydro- 
gen peroxide by an amine oxidase present in the 
extracts. 

In the present work it is shown that manganese 
oxidation can be brought about by coupling a 
number of enzyme systems producing hydrogen 
peroxide with peroxidase systems. 


MATERIALS AND METHODS 


Peroxidase. This was prepared from horse-radish extracts 
by precipitation with (NH,),SO, followed by fractional 
precipitation with ethanol according to the method of 





Keilin & Mann (1937). The ‘ Purpurogallinzahl’ (P.Z.) of the 
preparation used in the present work estimated by the 
method of Keilin & Mann (1937) was 250. 

Catalase. This was prepared from horse liver by a method 
based on that of Agner (1938). The activity of the prepara- 
tion was estimated by the method of Sumner & Somers 
(1943). The decomposition of 0-01N-H,O, in 0-0067M- 
orthophosphate at pH 7 and 0°, by a suitable amount of 
catalase, was followed by iodine titration on samples taken 
at 0, 3, 6, 9 and 12 min. From the equation 

k=(1/t) logy, {a/(a —x)}, 
where a is the initial H,O, concentration and a-—z is the 
concentration at time t, k values for the time intervals were 
calculated and the k value at zero time obtained by extra- 
polation. Using this value for k the catalase activity =k/g. 
enzyme of the preparations used varied from 5000 to 6000. 

Plant amine oxidase. This was prepared from pea seedlings 
by the method of Kenten & Mann (1951). The dry pre- 
paration was suspended in 0-2M-pyrophosphate buffer at 
pH 7-5 or 0-2m-orthophosphate at pH 7 and centrifuged 
clear before use. 

Xanthine oxidase. This was prepared from milk by the 
method of Dixon & Kodama (1926). The ‘ whey preparation’ 
was suspended in 0-2mM-pyrophosphate at pH 7-5 and centri- 
fuged before use. 

p-Amino-acid oxidase. This was prepared from sheep 
kidney. The method of Negelein & Brémel (1939) was 
followed as far as the first precipitation with (NH,).SO,. 
This precipitate was redissolved in 0-0033 M-pyrophosphate 
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pH 8-3. The precipitate formed on addition of 15g. 1926). Where catalase is present and the primary 
(NH,).SO,/100 ml. was removed by centrifuging. The reaction is proceeding according to Eqn. (2) such 


enzyme was precipitated by addition of a further 15g. 
(NH,),SO,/100 ml. This was separated by centrifuging and 
suspended in 100 ml. 0-0033M-pyrophosphate pH 8-3, kept 
at 0° overnight and centrifuged clear before use. 

a-Hydroxyacid oxidase was prepared from dried leaves of 
brussels sprouts (Brassica oleracea var. gemmifera Zenk.). 
The temperature of the leaf extracts was kept below 5° 
throughout the preparation except during centrifuging. The 
final preparations were stored frozen. The small outside 
leaves of the axillary buds (‘sprouts’) were oven dried at 
37°. The dried leaves were powdered in a mortar and passed 
through a 0-5 mm. mesh sieve. The dry powder could be 
stored for several weeks at. room temperature with little loss 
of activity. For the enzyme preparation 15 g. samples were 
suspended in 300 ml. 0-1mM-phosphate at pH 8 and 0° and 
treated for a few minutes in a Townson & Mercer macerator, 
cooling when necessary to prevent the temperature rising 
above 5°. The suspension was then squeezed through mada- 
pollam and an a-hydroxyacid oxidase preparation was 
made from the extract so obtained by the procedure of 
Clagett, Tolbert & Burris (1949) up to the (NH,),SO, 
fractionation. The fraction precipitating between 10 g. and 
40 g. (NH,),.SO,/100 ml. was dissolved in water and purified 
by treatment with Ca,(PO,), gel at pH 8. The gel was pre- 
pared by the method of Singer & Kearney (1950) and had a 
dry weight of 20 mg./m]. The amounts of gel required varied 
with the different preparations. In general, 0-5-1-0 ml. 
gel/20 ml. enzyme solution was added and the suspension 
centrifuged at once. To the supernatant a further 2-5 ml. 
gel were added and the suspension left at 0° for 30 min. and 
then centrifuged. The gel was then suspended in 10 ml. 
0-2 M-pyrophosphate buffer at pH 7-5 left 30 min. at 0° and 
then centrifuged. The clear supernatant fluid contained 
about 30% of the activity of the (NH,),SO, fraction towards 
DL-sodium lactate. Clagett et al. (1949) found that Ca,(PO,). 
gel adsorbed the enzyme at pH 8, but no elution was 
achieved with orthophosphate. The elution obtained with 
pyrophosphate at pH 7-5 may be due to its solvent action on 
the gel surface. 

Manometric measurements. These were made in the 
Warburg apparatus at 25°. The volume of the reaction 
mixture was 3 ml. and KOH was present in the centre cup. 
The gas space was air unless otherwise stated. 


EXPERIMENTAL AND RESULTS 


Experiments in pyrophosphate with pD-amino-acid 
oxidase, plant amine oxidase and xanthine oxidase 
The reactions catalysed by amine oxidase (Kenten 
& Mann, 1951), p-amino-acid oxidase (Keilin & 
Hartree, 1936) and xanthine oxidase (Thurlow, 

1925) proceed according to the general equation 
RH,+ 0, > R+H,0,. (1) 

If the H,O, formed is decomposed by catalase the 

apparent O, uptake is halved and the net reaction is 


RH, +40, > R+H,0. (2) 


It is well known that H,O, so produced may be 
used for secondary or coupled oxidations by per- 
(Thurlow, 


1925; Harrison & Thurlow, 


oxidase 


coupled oxidation causes increases in the O, uptake 
which may reach 100 % if all the H,O, produced is 
used in the coupled oxidations. Results obtained 
with D-amino-acid oxidase are shown in Fig. 1. In 
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Fig. 1. The oxidation of Mn** by pD-amino-acid oxidase 
systems coupled with peroxidase systems. []—{[), D- 
amino-acid oxidase + DL-alanine + peroxidase + p-cresol 
+Mnt++catalase; +—+, Mn** omitted; A—A, p- 
cresol omitted; x — x , peroxidase omitted or p-cresol and 
Mn** omitted. Pyrophosphate buffer pH 7-5. The dotted 
lines represent the theoretical uptakes. 


this experiment the reaction mixtures in 0-17M- 
pyrophosphate, pH 7-5, consisted of D-amino-acid 
oxidase, 0-2 ml. 0-1M-pt-alanine, 100 ug. catalase 
and, where present, 100 ug. peroxidase, 0-3 ml. 
0-001 M-p-cresol and 0-25 ml. 0-1M-MnSO,. In the 
absence of Mn*+ the O, uptake corresponded to 
slightly more than 1 atom O, (Eqn. 2). In presence 
of Mn++ the rate of O, uptake was doubled and the 
total uptake corresponded to 1 mol. O,/1 mol. 
pD-alanine (Eqn. 1) provided both p-cresol and 
peroxidase were also present. At the end of the 
experiment this reaction mixture was red, indi- 
cating accumulation of manganipyrophosphate. 
The fact that the O, uptake was doubled suggests 
that the H,O, formed by the p-amino-acid oxidase 
system was used quantitatively by the peroxidase 
system to oxidize Mn++. This was further investi- 
gated in similar experiments with amine oxidase, 
D-amino-acid oxidase and xanthine oxidase by not 
only measuring the O, uptakes but also the man- 
ganipyrophosphate which accumulated. The man- 
ganipyrophosphate was estimated manometrically 
with hydrazine (Kenten & Mann, 1949). 
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The results of these experiments are shown in 
Table 1. The amounts of putrescine, D-alanine and 
hypoxanthine used should give a theoretical uptake 
of 112yl. O, when oxidized by their respective 
oxidases in presence of catalase. The values ob- 
tained (A) were slightly higher than this. The 
addition of Mn++ alone (B) produced small in- 
creases in the O, uptake particularly with the 
hypoxanthine-xanthine-oxidase system. The addi- 
tion of p-cresol alone (C) had little effect on the total 
O, uptake. Where both Mn++ and p-cresol were 
added, however, the O, uptakes were markedly 
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Experiments in pyrophosphate with 
a-hydroxyacid oxidase 


Kenten & Mann (1951) found that many plant 
extracts oxidized added Mn++ and suggested that 
this oxidation was a test for the presence in the 
extracts of enzyme systems producing H,O,. With 
some extracts addition of lactic acid increased the 
accumulation of oxidized manganese suggesting 
that during the oxidation of lactic acid by these 
extracts H,O, was produced. It is known that 
certain «-hydroxyacids are oxidized by extracts of 


Table 1. Oxidation of Mn++ by oxidase systems coupled with peroxidase systems 


(The basal reaction mixtures (A) consisted of oxidase, substrate, 100 ug. catalase, 100 ug. peroxidase in pyrophosphate at 
pH 7-5 or orthophosphate at pH 7. Other reaction mixtures contained, in addition, 0-25 ml. 0-1mM-MnSO, (B), 0-3 ml. 
0-001 M-p-cresol (C’) or both MnSO, and p-cresol (D). The oxidase substrate was added from the side arm after equilibration. 
When the O, uptake stopped the manometers were gassed with N, and 0-2 ml. saturated N,H,.H,SO, was added from the 


side arm and the subsequent N, output measured.) 


Enzyme Substrate 


Experiments in pyrophosphate: 

Putrescine (10 umoles) 
pL-Alanine (20 moles) 
Hypoxanthine (5 umoles) 
DL-Lactic acid (20 umoles) 
Glycollic acid (5 umoles) 


Amine oxidase 
p-Amino-acid oxidase 
Xanthine oxidase 
a-Hydroxyacid oxidase 


Experiment in orthophosphate: 


Amine oxidase Putrescine (5 wmoles) 


N, output with hydrazine 
(ul.)* 


Total O, uptake 
(ul.) 


ft Soa ‘Y c 


A B C D A B C D 


124 136 127 278 0 8 0 107 
119 127 131 234 3 13 2 113 
127 156 125 237 4 7 + 63 
107 111 103 18] 2 9 3 83 
102 104 103 157 4 14 3 70 

59 59 66 115 1 6 1 81 


“orrected for 105% recovery (see Kenten & Mann, 1949.) 


increased. The values obtained with the D-amino- 
acid oxidase and xanthine oxidase systems agreed 
with the theoretical 224 yl. O, required by Eqn. (1), 
but were significantly above this with the amine 
oxidase system. The doubling of the O, uptake is due 
to the fact that the H,O, produced in the basal 
reaction is not decomposed by the catalase present 
but is used by the peroxidase system to oxidize the 
added Mn++. 

If all the H,O, is used to oxidize Mn++ and the 
oxidized manganese accumulated quantitatively 
then an output of 112 yl. N, would be expected on 
subsequent addition of hydrazine. The N, outputs 
with hydrazine using the amine oxidase and 
amino-acid oxidase systems agree closely with this 
theoretical value. The low value with the xanthine 
oxidase system is due, at least in part, to the fact 
that manganipyrophosphate oxidizes the uric acid 
which is formed by the action of the xanthine 
oxidase on the hypoxanthine, and thereby is itself 
reduced. It is clear from these results that H,O, 
formed by enzyme systems can be used quanti- 
tatively by peroxidase for the oxidation of 
Mn++, 





the leaves of many plants. Kolesnikov (1948a) 
found that extracts of barley leaves oxidized gly- 
collic acid and Clagett e¢ al. (1949) showed the 
presence in plant leaves of an «-hydroxyacid oxidase 
catalysing the oxidation of both lactic and glycollic 
acids. More recent work, Tolbert & Burris (1950), 
indicates that different enzymes may be responsible 
for the oxidation of lactic and glycollic acids. While 
considerations of the total O, uptake suggest that 
H,O, is formed during the oxidations. Tolbert & 
Burris (1950) were unable to demonstrate its 
presence and, like Kolesnikov (19486) suggested 
that an organic peroxide might be formed. Since 
the preliminary experiments of Kenten & Mann 
(1951) suggested that the «-hydroxyacid oxidase 
system might be suitable for the demonstration of 
coupled oxidation of Mn++, preparations of this 
enzyme were tested under the conditions of Table 1. 
The amounts of substrate were chosen so that in 
absence of coupled oxidation the theoretical uptake 
was 1121. O, with purified enzyme preparations; 
the uptake with t-lactic acid is 1 atom O/mol. L- 
lactic acid, and with glycollic acid 1 mol. O,/mol. 
glycollic acid (Clagett et al. 1949). The uptakes with 
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both substrates (A) were slightly less than the 
theoretical value, particularly with glycollic acid. 
With glycollic acid the oxidation proceeds in two 
stages (Clagett e¢ al. 1949). The oxidation of gly- 
collic acid to glyoxylic acid which constitutes the 
first stage is rapid in comparison with the further 
oxidation of glyoxylic acid to formic acid. Addition 
of Mn++ and p-cresol (D) produced marked increases 
in the O, uptakes which with lactic acid approached 
the theoretical doubling while with glycollic acid 
the increase was approximately 50%. The N, out- 
puts with hydrazine show that these increases in O, 
uptake were due to the oxidation of Mn++ and 
accumulation of manganipyrophosphate. It is clear 
therefore that a peroxide which can be used by 
peroxidase to oxidize Mn++, and which is decom- 
posed by catalase, is formed during the oxidation of 
both lactic and glycollic acids by «-hydroxyacid 
oxidase. 


Experiments in orthophosphate 
with amine oxidase 


Accumulation of manganese oxidation product. In 
previous work (Kenten & Mann, 1949, 1950) where 
the oxidation of Mn++ was brought about by per- 
oxidase systems with added H,0,, it was found that 
in orthophosphate media the manganese oxidation 
product reacted with the H,O, as rapidly as it was 
formed and therefore did not accumulate. In media 
where stable manganic complexes could be formed, 
such as pyrophosphate, the oxidation product 
accumulated though not quantitatively. To explain 
these results it was shown that manganipyrophos- 
phate reacts less rapidly than MnO, with H,O,. It 
was found that the amount of accumulated man- 
ganipyrophosphate, calculated as a percentage of 
that theoretically possible, increased with de- 
creasing H,O, concentration, and it was suggested 
that at sufficiently low H,O, concentrations all the 
H,0, would be used in the accumulation of mangani- 
pyrophosphate. It has been shown in the experi- 
ments of Table 1 that where enzyme systems are 
used to provide this low concentration of H,O, 
manganipyrophosphate may accumulate quanti- 
tatively. With these accumulation of 
manganese oxidation products can also be demon- 
strated in orthophosphate media (Table 1). The 
doubling of the O, uptake produced by the addition 
of Mn** suggested that none of the manganese 
oxidation product reacts with the H,O, under these 
conditions. It was found, however, that the 
hydrazine method was unsuitable to prove that the 
accumulation was quantitative. The oxidation 
product, which was present as a red-brown precipi- 
tate, reacted much more slowly than mangani- 
pyrophosphate or hydrated MnO, with the hydra- 
zine, but finally gave a total output greater than 
that required by theory. The reason for this is not 
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yet clear since MnO, reacts quantitatively with 
hydrazine in orthophosphate media. 

Experiments with catalytic amounts of manganese. 
In the preceding experiments designed to demon- 
strate quantitative accumulation of manganese 
oxidation product, Mn++ was added in amounts 
more than equivalent to the H,O, formed by the 
primary enzyme system, and was therefore present 
in relatively high concentration. Attempts were 
made to show that Mn++ was oxidized, when present 
in low concentrations, by adding to the reaction 
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Fig. 2. The oxidation of Mn** by an amine oxidase system 
coupled with a peroxidase system demonstrated by the 
oxidation of added oxalic acid. []—(, Amine oxidase 
+cadaverine + peroxidase + catalase + p-cresol + Mn** + 
oxalic acid; A—A, p-cresol omitted; x—x, Mn** 
omitted; O—O, p-cresol and Mn** omitted. Ortho- 
phosphate buffer pH 5. The dotted lines represent the 
theoretical O, uptakes. 


mixtures compounds likely to reduce the oxidized 
manganese as fast as it was formed. The oxidation of 
such small amounts of Mn++ with accumulation of 
the oxidation product would produce little increase 
in the O, uptake. If, however, the Mn*+ entered a 
cycle of oxidation and reduction, then such amounts 
would be capable of producing large increases in the 
O, uptake. This was tested with 110 ng. Mn+ using 
the amine oxidase system as source of H,O, and 
oxalic acid as reductant of the oxidized manganese. 
The results of one such experiment are shown in 
Fig. 2. Reaction mixtures in 0-067 M-orthophos- 
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phate at pH 5 consisted of amine oxidase (4 mg.), 
0:2 ml. 0-05m-cadaverine, 100 ng. catalase, 100 yg. 
peroxidase, 0-3 ml. 0-001 M-p-cresol, 0-2 ml. 0-01m- 
MnSO, and 0-5ml. 0-lm-sodium oxalate. The 
cadaverine was added from the side arm after equi- 
libration. As expected, in the presence of both Mn++ 
and p-cresol, an increase in O, uptake was observed 
which was much greater than that required for the 
complete oxidation of the added Mn++ to MnO, 
(22-4 ul. O,). It is clear therefore that the Mn++ 
undergoes a cycle of oxidation and reduction, and 
that the observed increase in O, uptake is mainly due 
to the oxidation of the oxalic acid brought about by 
the oxidized manganese; but the results obtained 
suggest the possibility that reactions other than the 
coupled oxidation of the Mn++ by the enzyme 
system and reduction of the oxidation product by 
the oxalic acid take place. Thus if all the H,O, 
produced in the oxidation of the cadaverine was 
used for oxalic acid oxidation via the Mn**, a total 
O, uptake of 224yl. (1 mol. O,/mol. cadaverine) 
would be expected (Eqn. 1). At the end of the ex- 
periment the O, uptake in the reaction mixture con- 
taining Mn++ and p-cresol was not complete but 
already exceeded 224]. Also, in the absence of 
p-cresol, Mn++ alone caused a marked increase in 
the O, uptake in the later stages of the experiment. 
These observations have led to a separate investi- 
gation of reactions involving peroxidase systems, 
Mn** and oxalic acid. 


DISCUSSION 


The results of the present work show that, in 
presence of a system which maintains a suitably low 
concentration of H,O,, peroxidase systems can 
bring about oxidation of Mn++ with quantitative 
accumulation of the oxidation product. In contrast 
to previous results with added H,O, (Kenten & 
Mann, 1950) accumulation of the Mn oxidation 
product can be demonstrated in orthophosphate as 
well as in pyrophosphate media. It is clear from 
these results that, provided the H,O, concentration 
is sufficiently low, the rate of reduction of the 
oxidized Mn by the H,0, is negligible. Under these 
conditions all the oxidized Mn would therefore be 
available in the plant for the oxidation of meta- 
bolites other than H,O,, as postulated by Kenten & 
Mann (1949), and the Mn++ would undergo a cycle 
of oxidation and reduction as demonstrated in 
the present work with oxalic acid as a reducing 
agent. 

This oxidation of Mn++ has not yet been demon- 
strated in the plant in vivo under normal conditions 
of manganese supply. In preliminary experiments 
with plants grown in water culture with high 
manganese concentrations, evidence has been ob- 
tained of the accumulation of oxidized Mn in the 
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tissues. Such accumulation can generally be shown 
in the pea plant (Pisum sativum L.) with concentra- 
tions of Mn*+ of the order of 50 p.p.m. in the culture 
solution. Despite the sensitivity of the test used it 
has not yet been possible to demonstrate such 
accumulation regularly with more normal condi- 
tions of Mn supply. The results suggest, however, 
that Mn oxidation does occur within the plant in 
vivo and, in view of previous results with plant 
extracts (Kenten & Mann, 1951), it is reasonable to 
postulate that this oxidation is brought about by 
the peroxidase system. It has already been shown 
that the oxidation takes place in vitro with physio- 
logical concentrations of Mn++. At these concentra- 
tions of Mn++ in vivo it is possible that the Mn 
oxidation product is reduced by plant metabolites as 
fast as it is formed, and that only under conditions 
of Mn toxicity is the rate of oxidation of Mn greater 
than the rate of reduction of the oxidation product 
by plant metabolites. This suggests the possibility 
that the symptoms of Mn toxicity may be due, at 
least in part, to the deposition of higher oxides of 
manganese in the tissues. Studies with enzyme pre- 
parations suggest that Mn++ ions may function as 
activators of many enzyme systems in vivo. In 
general, such effects are not specific for Mn** ions, 
but to a greater or lesser extent are shared by other 
bivalent cations. It has not yet been ascertained 
how far the activity of such enzymes is affected in 
Mn deficiency, but it may prove that in vivo Mnt+ 
ions function as specific activators of one or more 
enzyme systems. It is therefore not suggested that 
the effects of Mn on plant metabolism depend 
entirely on the oxidation-reduction cycle postulated. 
However, an effect of plant metabolism due to such 
a cycle would be one of some specificity for Mn 
since, of the bivalent cations tested, peroxidase 
systems only catalyse the oxidation of Fe*++ and 
Mn++, 

Lastly it should be pointed out that, as suggested 
by Kenten & Mann (1951), the oxidation of Mn++ by 
peroxidase systems serves as a useful test for en- 
zyme systems producing H,O,. In the present work 
it is shown by this means that «-hydroxyacid 
oxidase produces H,O, when catalysing the oxida- 
tion of lactic and glycollic acids. This finding has 
now been confirmed by more conventional methods 
(Kenten & Mann, 1952). 


SUMMARY 


1. The oxidation of bivalent manganese (Mn**) 
can be brought about by enzyme systems producing 
hydrogen peroxide such as D-amino-acid oxidase, 
xanthine oxidase and plant amine oxidase systems 
coupled with peroxidase systems. 

2. With high Mn++ concentrations the oxidation 
was demonstrated by the increased oxygen uptake 

9 














130 


and by estimation of the manganese oxidation 
product with hydrazine. The oxidation product 
accumulates in both pyrophosphate and ortho- 
phosphate media. 

3. With low Mn*+ concentrations the oxidation 
was demonstrated by the increased oxygen uptake 
of the system in presence of oxalic acid. Under these 
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Hydrogen Peroxide Formation in Oxidations Catalysed 
by Plant a-Hydroxyacid Oxidase 
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Kolesnikov (1948a) found that extracts of barley 
leaves oxidized glycollic acid, and Clagett, Tolbert 
& Burris (1949) showed the presence in leaves of 
many plants of an «-hydroxyacid oxidase catalysing 
the oxidation of lactic, glycollic and glyoxylic acids. 
More recent work (Tolbert & Burris, 1950) indicates 
that different enzymes may be responsible for the 
oxidation of these acids. While considerations of 
the total oxygen uptake suggested that hydrogen 
peroxide is formed during the oxidations, Tolbert & 
Burris (1950) were unable to demonstrate its pre- 
sence, and like Kolesnikov (19485) suggested that 
an organic peroxide might be formed. Kenten & 
Mann (1952) demonstrated the oxidation of man- 
ganese by flavoprotein enzyme systems coupled 
with peroxidase systems. It was found that «- 
hydroxyacid oxidase could replace the known flavo- 
protein enzymes in producing systems capable of 
oxidizing manganese, and it was concluded that this 
was due to the formation of hydrogen peroxide by 
a-hydroxyacid oxidase systems. In the present 
work this hydrogen peroxide formation is demon- 
strated by more conventional methods and its 
influence on the course of the oxidations is in- 
vestigated. 





MATERIALS AND METHODS 


a-Hydroxyacid oxidase. This was prepared from leaves of 
tobacco (Nicotiana tabacum L.). The leaves were minced in 
a cooled domestic meat mincer and squeezed through mada- 
pollam. The temperature of the sap was kept below 5° during 
the subsequent procedure except during centrifuging. 
Sufficient 2mM-K,HPO, was added to the sap to give a final 
concentration of 0-1 m. The procedure of Clagett et al. (1949) 
was then followed up to and including the first (NH,),S0, 
fractionation. The active precipitate from this fractionation 
was dissolved in water (25 ml./100 ml. original sap) and 
either dialysed against 0-01m-phosphate buffer at pH7 
overnight in the refrigerator or treated with Ca,(PO,), gel to 
reduce the catalase content. This treatment was based on 
the observation of Agner (1938) that catalase is adsorbed by 
the gel at pH 5-5. The gel was made by the method of Singer 
& Kearney (1950) and had a dry weight of 20 mg./ml. The 
enzyme solution was treated successively with small amounts 
of gel at pH 5-5. After each addition the suspension was 
left 30 min. at 0° and then centrifuged. The supernatant was 
then tested for «-hydroxyacid oxidase and catalase. The 
amounts of gel required varied with the different enzyme 
preparations. In one case 20 ml. enzyme solution were 
treated with 4 ml. of gel followed by two treatments with 
1 ml. The catalase activity was then 2 %, and the «-hydroxy- 
acid oxidase activity 50%, of that before gel treatment. In 
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some cases the a-hydroxyacid oxidase was subsequently 
adsorbed on the gel at pH 8 and eluted with 0-2m-pyro- 
phosphate buffer at pH 7-5 as described by Kenten & Mann 
(1952). The preparations were stored frozen. 

Catalase. This was prepared from horse liver by a method 
based on that of Agner (1938). The activity of the prepara- 
tions was estimated by the method of Sumner & Somers 
(1943). The decomposition of 0-01 N-H,O, in 0-0067 m-ortho- 
phosphate at pH 7 at 0° by a suitable amount of catalase was 
followed by iodine titration on samples taken at 0, 3, 6, 9 and 
12 min. From the equation k=(1/t) log,, {a/(a —x)}, where 
ais the initial H,O, concentration and a — x is the concentra- 
tion at time ¢t, k values for the time intervals were calculated 
and the & value at zero time obtained by extrapolation. 
Using this value for k the catalase-activity =k/g. enzyme of 
the preparations used varied from 5000 to 6000. For each 
experiment a sample of the preparation was suspended in 
0-2m-phosphate buffer (10 mg./ml. buffer) at the required 
pH and the insoluble material removed by centrifuging. 
A considerable purification was effected by this procedure. 

Carbonyl compounds. These were estimated by the bi- 
sulphite method of Clift & Cook (1932). 

Formic acid. This was estimated by the method of Pirie 
(1946). 

Manometric measurements. These were made in the War- 
burg apparatus at 25°. The volume of the reaction mixtures 
was 3 ml. O, uptakes were measured directly with KOH in 
the centre cups. CO, outputs were measured by Warburg’s 
direct method (Dixon, }943). 


EXPERIMENTAL AND RESULTS 
Glycollic acid 
Clagett et al. (1949) found that their preparations of 
a-hydroxyacid oxidase decomposed H,O, rapidly 
and that added catalase did not affect the O, uptake 
with glycollic acid as substrate. According to 
Tolbert, Clagett & Burris (1949) the oxidation of 
glycollic acid proceeds in two stages through 
glyoxylic acid to formic acid. In the present experi- 
ments using small amounts of enzyme to keep the 
catalase activity low and working at pH 8-5, whichis 
close to the optimum for the oxidation of glycollic 
to glyoxylic acid, the enzyme-catalysed reaction 
studied is mainly the oxidation of glycollic acid to 
glyoxylic acid. Under these conditions it is possible 
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to demonstrate an effect of added catalase using the 
dialysed ammonium sulphate preparation of the 
oxidase (Fig. 1). The composition of the reaction 
mixtures is given in Table 1. In presence of added 
catalase the O, uptake is rapid until the total uptake 
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Fig. 1. The effect of catalase on the oxidation of lactate and 
glycollate by «-hydroxyacid oxidase. /A—A, lactate, 
no added catalase; O—O, lactate+catalase; A—A, 
glycollate, noadded catalase; @—®@, glycollate + catalase. 
The dotted lines show the theoretical uptakes. 


approaches | atom O/mol. glycollic acid. This rapid 
stage is mainly due to the oxidation of glycollic acid 
to glyoxylic acid and is followed by a slow uptake 
due to the oxidation of the glyoxylic acid. In 
absence of added catalase the rate of O, uptake is 


O, uptake and formation of CO, and other reaction products during the oxidation of lactate glycollate 


and glyoxylate by «-hydroxyacid oxidase 


(With pL-lactate as substrate the gel-purified preparation of «-hydroxyacid oxidase was used in 0-033 M-pyrophosphate 
buffer at pH 7-5. With glycollate and glyoxylate the dialysed ammonium sulphate precipitate was used in 0-033m-ortho- 
phosphate buffers at pH 8-5 and 7-7 respectively. Catalase (where present) 0-1 ml.) 


O, uptake CO, output Keto acid Formic acid 
Substrate Catalase (umoles) (umoles) (umoles) (umoles) 

DL- Lactate (10 umoles) - 8-2 6-8 2-0 

+ 5-1 0-6 8-5 
Glycollate (10 uzmoles) - 8-9 75 1:3 

+ 5-0 0-7 8-7 . 
Glyoxylate (20 umoles) ~ 9-3 7-8 5 6-8 

+ 8-0 0-7 1-4 
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double that in its presence and proceeds rapidly 
until the total O, uptake approaches 1 mol. O,/mol. 
glycollic acid. In the experiment with glycollic acid 
shown in Fig. 1 the reactions were stopped when the 
O, uptake in presence of catalase was 1 atom O/mol. 
glycollic acid. The results suggest that the reaction 
proceeds according to the equation 
CH,OH.COOH + O, > CHO.COOH+H,0,. (1) 
In presence of catalase the H,O, is decomposed 
according to the equation 
2H,O, > 2H,0+ Q,. (2) 
Analysis of the reaction mixtures (Table 1) showed 
that in presence of catalase 87 % of the glycollic acid 
was now present as carbonyl compounds, pre- 
sumably glyoxylic acid, while in absence of added 
catalase only 13% was accounted for in this form. 
H,O, did not accumulate (in absence of added 
catalase) since no evolution of O, was observed 
when catalase was added from the side arms at the 
end of the experiment. The H,O, must therefore be 
removed in a secondary reaction. The low value for 
carbonyl compounds coupled with the high output 
of CO, in absence of added catalase suggests that 
this secondary reaction may. be between the H,O, 
and the glyoxylic acid. Hatcher & Holden (1925) 
showed that glyoxylic acid reacts rapidly with 
H,O, according to the equation 
CHO.COOH + H,O, > CO,+ H,O0+ H.COOH. 
(3) 
Solutions of the sodium salt reacted in this way 
more rapidly than those of the free acid. In the 
present work it has been found that the reaction 
proceeds rapidly in phosphate buffers at pH’s 7-7 
and 8-5. The results therefore suggest that the oxi- 
dation of glycollate catalysed by a-hydroxyacid 
oxidase proceeds according to Eqns. (1) and (2) in 
presence of added catalase and according to 
Egns. (1) and (3) in its absence. 


Glyoaylic acid 

The oxidation of glyoxylic acid is catalysed by the 
a-hydroxyacid oxidase preparations at a much 
slower rate than that of glycollic acid. Despite the 
fact that larger amounts of the enzyme are therefore 
required for this oxidation, it is possible to show an 
effect of added catalase on the rate of O, uptake 
using the dialysed ammonium sulphate preparations 
(Fig. 2). The composition of the reaction mixtures is 
given in Table 1. The effect of catalase is not as 
marked as with glycollic acid as substrate. In the 
early stages of the reaction the uptake in absence of 
added catalase is about 50% higher than in its 
presence, but the percentage difference decreases 
with time, and in both cases the O, uptake eventu- 
ally approaches 1 atom O/mol. glyoxylic acid. The 
effect of added catalase was not more marked with 
enzyme preparations purified by treatment with 
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calcium phosphate gel to reduce the catalase 
activity. Hydrogen peroxide does not accumulate 
since no evolution of O, was observed when catalase 
was added from the side arm at the end of the ex- 
periments. In absence of added catalase the CO, 
output was 84% of that required if the H,O, 
produced reacted with glyoxylic acid according to 
Eqn. (3), and formie acid estimations showed the 
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Fig. 2. The effect of catalase on the oxidation of glyoxylate 
by «-hydroxyacid oxidase. A—A, no added catalase; 
O—O, catalase added. The dotted lines show the 
theoretical uptakes. 


presence of 87 % of the formic acid expected based 
on the CO, output (Table 1). In presence of added 
catalase the CO, output was only 9 % and the formic 
acid found only 20% of that in absence of added 
catalase. The results show that the oxidation of 
glyoxylic acid catalysed by «-hydroxyacid oxidase 
is accompanied by the formation of H,O,. In 
absence of catalase this H,O, reacts with the sub- 
strate to give formic acid and CO,. This secondary 
reaction accounts for the increased rate of O, uptake 
in the early stages of the oxidation. It does not 
produce a doubling of the rate of uptake since it also 
lowers the concentration of glyoxylic acid available 
for the enzyme-catalysed reaction. It is probable 
that the enzyme reaction is between glyoxylic acid 
monohydrate and O, according to the equation 
COOH+0, COOH+H,0, 

| > | , (4) 
CH(OH), COOH 
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In the presence of catalase the net reaction 
should be the sum of Eqns. (4) and (2) and in 
absence of catalase the sum of Eqns. (4) and (3). In 
both cases, therefore, the total O, uptake should be 
1 atom O/mol. glyoxylic acid. In the present ex- 
periments the O, uptake normally reaches 90-100 % 
of this value in the absence of added catalase but 
only 70-80 % in its presence (Fig. 2). This would be 
expected if oxalic acid is in fact the product of the 
enzyme-catalysed reactions, since Tolbert et al. 
(1949) have shown that oxalic acid competitively 
inhibits the oxidation of glyoxylic acid by the 
enzyme. 

Evidence that oxalic acid is the product of the 
enzyme-catalysed reaction was obtained by its 
isolation from a large-scale reaction mixture in 
presence of added catalase. 


A reaction mixture containing 15 ml. 0-1mM-glyoxylate, 
5 ml. catalase, 50 ml. ofa dialysed preparation of «-hydroxy- 
acid oxidase and 75 ml. 0-2m-orthophosphate buffer at 
pH 7-7 in a total volume of 225 ml. was shaken in air at 
room temperature for 5 hr. The disappearance of glyoxylate 
was followed by bisulphite titrations on 1 ml. samples at 
hourly intervals. After 5 hr. 42% of the glyoxylate had 
disappeared according to the bisulphite titrations. The 
reaction mixture was then heated at 100° for 5 min., acidified 
with 2Nn-acetic acid to pH 4 and centrifuged. The super- 
natant was adjusted to pH 5-5 with 8N-NH,OH and 20 ml. 
20% (w/v) CaCl,.6H,O were added. The mixture was 
allowed to stand overnight and was then centrifuged. The 
precipitate was dried at 100°, powdered, and the oxalic acid 
extracted by the method of Pucher, Vickery & Wakeman 
(1934). The powder was suspended in 5 ml. 4N-H,SO,, mixed 
with Gooch asbestos, and extracted with ether in a soxhlet 
for 24hr. The ethe: extract was allowed to stand over 
anhydrous Na,SO, overnight, filtered and evaporated to 
dryness. The residue was taken up in 10 ml. water and 
filtered. The filtrate was concentrated on a hot plate and 
then taken to dryness in vacuo over H,SO, yielding at first 
colourless needles which on prolonged drying gave an 
opaque whitish p:.duct; yield 48-6mg. of m.p. 179° 
(uncorr.) with decomposition. The melting point of an- 
hydrous oxalic acid is 187°(corr.). The product was dissolved 
in ether, filtered, the filtrate was allowed to stand over 
anhydrous Na,SO, overnight, filtered and evaporated to 
dryness. The residue redissolved in water and taken to 
dryness at 37° gave 46 mg. of colourless crystals, m.p. 100° 
(uncorr.). Mixed melting point with an authentic sample of 
hydrated oxalic acid (m.p. 101° uncorr.) was 100° (uncorr.). 
The yield based on glyoxylate disappearance was 58%. 


L-Lactic acid 


Tolbert et al. (1949) have shown that «-hydroxy- 
acid oxidase catalyses the oxidation of L-lactic acid 
to pyruvic acid. p-Lactic acid is not attacked 
(Clagett e¢ al. 1949). The effect of catalase on the 
oxidation of L-lactic acid catalysed by «-hydroxy- 
acid oxidase is best shown with enzyme preparations 
freed from all but traces of catalase activity by 
treatment with calcium phosphate gel. With such 
preparations the addition of catalase almost halves 
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the rate of O, uptake with lactate. The total O, 
uptake is 1 atom O/mol. t-lactic acid in presence of 
catalase but 1-6—-1-8 atoms O/mol. t-lactic acid in 
absence of added catalase. Typical results are shown 
in Fig. 1. The composition of the reaction mixtures 
is given in Table 1. The results suggest that the 
reaction proceeds according to the equation 
CH,.CHOH.COOH + O,->CH,.CO.COOH + H,0,. 
(5) 
In the absence of catalase no H,O, accumulates 
since on adding catalase when the O, uptake was 
complete no significant output was obtained. It 
has been shown by Negelein & Brémel (1939) with 
D-amino-acid oxidase using alanine as substrate 
that the H,O, formed oxidizes the pyruvic acid, 
which is the other product of the enzyme-catalysed 
reaction, to acetic acid according to the equation 
CH,.CO.COOH + H,O, >CH,.COOH + H,O + CO,. 
(6) 
Since pyruvic acid and H,O, are the products of 
the action of «-hydroxyacid oxidase on L-lactic acid, 
the absence of accumulated H,O, is presumably due 
to its reaction with pyruvic acid. This is supported 
by the values given in Table 1 for CO, output during 
the reaction and carbonyl compounds finally present 
in the reaction mixtures. In the absence of added 
catalase there was a high CO, output coupled with 
a low content of carbonyl compounds, and in the 
presence of added catalase a low CO, output 
coupled with a high content of carbonyl compounds. 
It is clear, therefore, that in the absence of catalase 
the net result of the oxidation of L-lactic acid by 
«-hydroxyacid oxidase is given by Eqns. (5) and (6), 
and in the presence of catalase by Eqns. (5) and (2). 


DISCUSSION 


The results of the present work show that the oxida- 
tion of L-lactic acid, glycollic acid, and glyoxylic 
acid catalysed by «-hydroxyacid oxidase takes place 
with the formation of H,O,. The final products of 
the oxidation depend on the amount of catalase 
present. Thus, according to Tolbert et al. (1949), 
pyruvic acid is the product of the oxidation of L- 
lactic acid. The present results suggest that this is 
only the case if sufficient catalase is present to stop 
the oxidation of the pyruvic acid to acetic acid by 
the H,O, produced in theenzyme-catalysed reaction. 

The oxidation of glycollic acid was shown by 
Tolbert et al. (1949) to proceed in two stages to 
formic acid and CO, with glyoxylic acid as the 
intermediate. According to the present results, 
formic acid is not the immediate product of the 
enzyme-catalysed reaction, but is formed by a 
secondary reaction between H,O, and glyoxylic 
acid. In the complete absence of catalase the oxida- 
tion of glycollic acid should proceed entirely to 
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formic acid and CO,, and that of glyoxylic acid to 
equimolecular amounts of formic acid and oxalic 
acid with evolution of CO, if, as seems likely, oxalic 
acid is the direct product of the enzyme-catalysed 
oxidation of glyoxylic acid. In the presence of 
sufficient catalase to stop the secondary reaction 
between glyoxylic acid and H,O,, no formic acid 
should be formed. As previously suggested, the 
most likely product under these circumstances 
would be oxalic acid. Nord & Vitucci (1947) have 
shown that certain fungi convert glycollic to oxalic 
acid with the postulated intermediate formation of 
glyoxylic acid. 

In the present work the amounts of added cata- 
lase were such as to give a catalase activity of the 
same order as that of 3 ml. of tobacco-leaf sap. In 
view of the results obtained it appears that when 
untreated sap is used to catalyse the oxidation of 
lactate and glycollate its catalase activity would be 
sufficient to prevent the non-enzymic oxidation of 
pyruvate and glyoxylate by H,O,. Results with 
a«-hydroxyacid oxidase preparations made from the 
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sap would depend on the catalase activity of such 
preparations. 

The influence of catalase on the oxidations cata- 
lysed by «-hydroxyacid oxidase provide an explana- 
tion of at least some of the variable O, uptakes and 
CO, outputs obtained by Clagett et al. (1949), 
Tolbert et al. (1949) and Tolbert & Burris (1950), 


SUMMARY 


1. Hydrogen peroxide is produced during the 
oxidation of lactate, glycollate and glyoxylate 
catalysed by plant «-hydroxyacid oxidase. This has 
been shown by the effect of catalase on the oxygen 
uptake. 

2. The oxidation products depend on the amount 
of catalase present. In the absence of catalase, the 
enzyme-catalysed reactions are followed by non- 
enzymic reactions between hydrogen peroxide and 
pyruvate or glyoxylate, with the formation of 
acetate or formate respectively. 

3. It is suggested that oxalate is the product of 
the enzyme-catalysed oxidation of glyoxylate. 
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The Biochemistry of the Nitrifying Organisms 
1, THE AMMONIA-OXIDIZING SYSTEMS OF NITROSOMONAS 
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Micro-organisms of the genus Nitrosomonas are 
autotrophs, typically found in soil, which oxidize 
ammonia to nitrite. Since the energy yielded by this 
oxidation is apparently the only primary energy 
source available to the organisms, no cell growth 
or proliferation can take place without ammonia 
oxidation. On the other hand, Nelson (1931) 
showed that ammonia oxidation could take place in 





the absence of carbon dioxide, i.e. under conditions 
that excluded the possibility of cell growth or 
proliferation, the energy released being (pre- 
sumably) dissipated as heat instead of being used, 
in part at least, for carbon dioxide assimilation. It 
therefore follows that while any compound that 
inhibits ammonia oxidation by the organisms must 
inhibit their proliferation, the fact that a com- 
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pound inhibits proliferation cannot be taken as 
evidence that such a compound is inhibiting am- 
monia oxidation. A great deal of the confusion and 
contradiction that exists about the inhibitory 
effects of various compounds on ‘nitrification by 
Nitrosomonas’ can be traced to a failure to charac- 
terize the type of inhibition studied. The inhibitory 
actions of various compounds have, for instance, 
commonly been studied by means of experiments in 
which parallel inoculations of Nitrosomonas were 
made into two batches of culture medium, similar in 
all respects except that one batch contained some 
compound ‘X’ while the other did not. After some 
considerable period, usually days or weeks, the 
amount of nitrite formed in one culture was com- 
pared with the amount formed in the other. If the 
amount formed in the presence of ‘X’ was less than 
in its absence, ‘X’ was said to ‘inhibit Nétro- 
somonas’ or to ‘inhibit nitrification by Nitro- 
somonas’. Clearly such experiments could give no 
indication how ‘X’ acted. If ‘X’ directly inhibited 
ammonia oxidation, then of course less nitrite would 
be formed in the presence of ‘X’ than in its absence. 
But if ‘X’ had no effect on ammonia oxidation and 
yet inhibited cell proliferation in some other way, 
the neogenesis of ammonia-oxidizing enzymes 
would be less rapid in the presence of ‘X’ than in its 
absence ; as a consequence, nitrite formation in the 
presence of ‘X’ would be less than in its absence. In 
the present work the actions of various compounds 
on the formation of nitrite from ammonia by Nitro- 
somonas have been studied directly in experiments 
lasting not more than 3 hr.; since cell proliferation 
during this period must have been very small, it 
follows that inhibitions of nitrite formation noted 
under these conditions were predominantly due to 
an inhibition of ammonia oxidation. To the best of 
the author’s knowledge, no such experiments have 
been performed before. 


MATERIALS AND METHODS 


Nitrosomonas was cultured from an Aberdeenshire garden 
soil (see below) by methods essentially similar to those 
already described (Lees, 1951). Minor modifications were, 
however, made in the design of the culture vessels and in the 
method of preparation of the inorganic culture medium. 
Description of the organisms. The organisms so isolated, 
which were used throughout the present work, conformed 
precisely to the description of N. europaea given by Meikle- 
john (1950). On silica gel, characteristic ‘starfish colonies’ 
(Meiklejohn, 1950) were obtained. It is therefore considered 
that the organisms were a normal strain of NV. europaea. 
Purity of the cultures. The commonly accepted criteria for 
the purity of Nitrosomonas cultures are (a) they should not 
form nitrate since the formation of nitrate from nitrite 
would indicate the presence of Nitrobacter, (b) they should 
show no growth on nutrient agar since growth on nutrient 
agar would indicate the presence of organisms other than 
Nitrosomonas. There is usually little difficulty in freeing the 
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cultures of Nitrobacter, because Nitrobacter is inhibited by 
ammonia, which must, of course, always be present in 
growing cultures of Nitrosomonas. The important criterion 
of purity is therefore the lack of growth on nutrient agar; 
which, being a negative criterion, is of rather doubtful 
reliability (e.g. Nelson, 1931; Grace, 1951). The cultures 
used in the present work were not only pure by the two 
negative criteria mentioned, but had a high free-energy 
efficiency (Baas-Becking & Parks, 1927). The determinations 
of free-energy efficiency will form the subject of a future 
publication (Hofman & Lees, 1952). Since the presence of 
contaminants could have had no effect on the free-energy 
efficiency of the cultures except to lower it, it is considered 
that the high free-energy efficiency of the present cultures is 
a further indication of their purity. 

Preparation of the medium. Although the medium 
originally described for the isolation of the organisms (Lees, 
1951) proved satisfactory in most respects, it was necessary 
for the conduct of experiments on the free-energy efficiency 
of the cultures (Hofman & Lees, 1952) that the amount of 
adventitious organic material in the medium should be kept 
as low as possible. Since most laboratory chemicals seemed 
to be contaminated with specks of organic detritus, the 
medium used in the present work was prepared by precipita- 
tion from three solutions, each being filtered before use. 
Solution A: CaCl, (100 g.), MgCl,.6H,O (100 g.), KH,PO, 
(50 g.) dissolved in 1 1. of water slightly acidified with HCl 
to assist solution. Solution B: FePO,.2H,0 (1 g.) dissolved 
in 25 ml. n-H,SO,. Solution C: Na,CO,.10H,O (500 g.) 
dissolved in a minimum of warm water. Solutions A and 
B were mixed and added to solution C. The resulting pre- 
cipitate of phosphates, sulphates, and carbonates of Ca, Mg, 
and Fe, was washed at the centrifuge with distilled water, 
until the washings were free of chloride, and finally sus- 
pended in 1 1. of distilled water. The medium on which the 
organisms were grown consisted of 10 ml. of this suspension, 
1 ml. m-(NH,),SO,, and 89 ml. of distilled water. The 
principal difference in composition between this medium 
and the original medium (Lees, 1951) was that the new 
medium contained MgCO, while the original medium did 
not. The MgCO, raised the initial pH of the medium from 
7-5 to 8-5, which is the optimal pH for nitrite formation by 
Nitrosomonas (Meyerhof, 1916). 


Culture of the organisms 


Cultures were grown in the dark at 28-30° in culture 
vessels whose design is shown in Fig. 1. 

Sterilization of culture vessels. The 250 ml. glass jar con- 
taining 100 ml. of culture medium was plugged with cotton 
wool and sterilized in a small autoclave for 20 min. at 125°. 
Despite its alkalinity, the medium lost only a negligible 
amount of its NH, during this sterilization; the normal 
practice of sterilizing the (NH,),SO, separately (e.g. 
Meiklejohn, 1950) would thus seem to be unnecessary. The 
rubber bung with its associated aerator and sampling 
assembly was not sterilized in situ, but was wrapped in 
paper, placed upside down in a beaker, and sterilized 
separately in the same autoclave. This procedure was used 
because when the bung was sterilized in situ, red dye from it 
sometimes seeped into the medium in the jar; Nitrosomonas 
would not grow in a medium so contaminated. After 
sterilization, the component parts of the culture vessel were 
assembled and inoculated with approximately 0-5 ml. of 
a culture of actively nitrifying Nitrosomonas, the vessel was 
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then attached to the air line through which air, sterilized by 
passage through two gas washers (Lees, 1949) (5% (w/v) 
CuSO, plus 5% (v/v) H,SO,), was supplied. From time to 
time, samples of approximately 2 ml. volume were with- 
drawn from the vessel via the sampler tube and analysed for 
NH,-N, NO,-N, and occasionally NO,-N (see below). When 
the concentration of NH,-N fell below 50 ug./ml. fresh NH, 
was added as sterilized (NH,),SO, solution (if the pH of the 
sample, tested by B.D.H. (British Drug Houses Ltd.) 
Universal Indicator, was above 7-0) or as sterilized 
(NH,).CO, (if the pH of the sample was below 7-0). It should 
be understood that the pH of the cultures must fall during 
growth of the organisms because of replacement of NHf by 
NO; . The course of nitrite formation, commonly used as an 
indication of growth of Nitrosomonas cultures (Stephenson, 
1949), in a typical culture used in the present work is shown 
in Fig. 2. Subcultures into fresh medium were made when 
the parent culture had formed 200-300 ug. NO,-N/ml. 







air is forced into the 


Sterile 
apparatus at 7’. In passing round the U-tube the air 
entrains bubbles of liquid medium M at the pin-hole H. 
The bubbles are carried by the air stream up the U-tube 
and expelled on to the surface of the liquid medium. The 
air escapes through the capillary tube S. The tube S can 
be dipped into the medium for the withdrawal of samples. 


Fig. 1. Culture vessel. 


Incubation experiments 


When the NO,-N concentration of a growing culture of 
Nitrosomonas had risen above 200 ug. NO,-N/ml., approxi- 
mately 50 ml. of the culture were expelled through the 
sampler tube (S, Fig. 1) into a 100 ml. centrifuge tube, and 
centrifuged to bring down the precipitate of Ca and Mg 
carbonates to which the organisms adhere (Winogradsky, 
1890a,b; Meiklejohn, 1950). The precipitate, with its 
adherent organisms, was washed two or three times at the 
centrifuge with water or with 0-9 % NaCl solution to remove 
nitrite and NHs, and finally resuspended in distilled water. 
Samples (2 ml.) of this suspension were incubated at 30° 
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with solutions of the substance under test, both in the 
presence and absence of (NH,),SO, solution, the final volume 
of suspension with all additions being 4 ml. Incubation was 
carried out in 50 ml. conical flasks, over the bottom of which 
the 4 ml. solution formed a thin, well aerated, layer. After 
the requisite period, the contents of the flasks were suitably 
diluted and centrifuged in conical centrifuge tubes to 
remove the inorganic carbonate precipitate. The NO,-N in 
5 ml. of the supernatant liquid was then determined (see 
below). In the present work, no nitrite was formed in the 
absence of NHg, i.e. no compound tested, other than NH,, 
gave rise to nitrite. No nitrite was formed if (NH,),SO, 
solutions were incubated with boiled suspensions of 
Nitrosomonas. No appreciable amount of nitrite was 
formed if the incubation was carried out in vacuo or if the air 
in the flask was replaced by N,. It therefore follows that the 
formation of nitrite under the experimental conditions used 
in this work was an aerobic, biological process, and that the 
nitrite formed was formed from NH. 

Determination of NH,-N. A 1 ml. sample of culture fluid 
was treated with approximately 2 ml. saturated borax 


NO.-N concn. of culture (pg./ml.) 









5 10 
Time after inoculation (days) 


15 


Fig. 2. The course of nitrite formation in a growing culture 
of Nitrosomonas. Culture volume, 100 ml.; inoculum 
volume, 0-5 ml. 


solution and distilled from the Markham microdistillation 
apparatus (Markham, 1942) into 2 ml. 1% boric acid con- 
taining 0-25 % of Conway and O’Malley’s indicator (Conway 
& O'Malley, 1942). After about 5 ml. of distillate had been 
collected, the contents of the receiver were titrated with 
0-007 N-HCl from a 1 ml. burette. 

Determination of NO,-N. A suitably diluted sample (5 ml.) 
of culture fluid (or fluid from an incubation experiment) 
was treated with 1 ml. of sulphanilic acid reagent followed 
by lml. l-naphthylamine reagent; the reagents were 
prepared according to Snell & Snell (1936). After 30 min. 
the light absorption of the treated sample was determined in 
an EEL colorimeter (Evans Electroselenium Ltd.) fitted 
with the 404 green filter supplied with the instrument. The 
NO,-N content of the sample was obtained by reference to 
a standard curve constructed from the measured light 
absorptions of nitrite solutions of known strength, and 
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treated in the same way. The maximum amount of 
NO,-N that could be used for a single estimation was 
about 2-5yug., the minimum amount about 0-1 yg.; read- 
ings were repeatable to within 0-02yg. within these 
limits. 

Determination of NO;-N. This was carried out according to 
the method used by Lees & Quastel (1946), except that the 
H,0, oxidation was omitted. Under these conditions nitrite 
did not interfere with the estimation of nitrate by the 
phenoldisulphonic acid reagent (at least up to concentrations 
of 700 ug. NO.-N/ml. sample). 


Table 1. Nitrite formations in washed suspensions 
of Nitrosomonas incubated for 180 min. in the 
presence of various compounds and 10-°m- 
(NH,),SO, 

(All compounds were used at a concentration of 

5 x 10-°m except where otherwise stated. Final volume of 


washed suspension + additions =4 ml.) 
NO,-N formed 


during 
incubation 

Compound tested (ug-) 
None (water control) 3-1 
Glycine 3-2 
L-Alanine 3-2 
pL- Valine 3-1 
L-Leucine 3-0 
L-Isoleucine 3-0 
L-Serine 3-0 
L-Threonine 3-0 
L-Aspartic acid 3-0 
L-Glutamic acid 3-0 
L-Lysine 3-0 
L-Arginine 2-0 
L-Histidine 0-0 
L-Cystine (2-5 x 10-3 m) 3-0 
DL-Methionine 3-0 
L-Phenylalanine 2-5 
L-Tyrosine 2-7 
DL-Tryptophan 3-0 
L-Proline 3-1 
L-Hydroxyproline 3-0 
L-Glutamine 3-0 
L-Asparagine 3-0 
DL-Methionine sulphoxide 2-6 
Creatinine 2-6 
Glycocyamine 2-6 
2:4-Dinitrophenol 3-0 
Ethylurethane 1-0 
D-Mannose (5 x 10-2 m) 3-0 
Streptomycin (Ca salt; 250 p.p.m.) 3-0 
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Soil percolation 


Samples (10 g.) of garden soil were percolated at 28-30° 
according to the normal technique (Lees, 1949). The soil was 
a sandy loam from Milltimber, Aberdeenshire; pH, 6-8; 
organic matter, determined by the method of Bremner 
(1949), was 6%. 

RESULTS 
The effects of all the common amino-acids on the 
oxidation of ammonia by Nitrosomonas, together 
with the effects of various other compounds selected 


300 


200 


100 


NO2-N concn. of culture (ug./ml.) 





e fT. 6 Se 2 
Time after inoculation (days) 


Fig. 3. The effect of streptomycin on nitrite formation in 
growing cultures of Nitrosomonas. Culture volumes, 
100 ml.; volumes of inocula, 0-5 ml. (O—O), untreated 
medium; (@—@), streptomycin 0-4 p.p.m. in medium; 
(x—x< ), streptomycin 0-2 p.p.m. in medium; (©—©), 
streptomycin 0-1 p.p.m. in medium. Streptomycin was 
added to the medium as the Ca salt at the start of the 
experiments. 


for reasons that will appear in the Discussion are 
shown in Table 1. The lack of any effect of strepto- 
mycin at a concentration of 250 p.p.m. is inter- 
esting, since streptomycin inhibits growth of the 
organisms at far lower concentrations (Fig. 3). 


Table 2. Nitrite formations in washed suspensions of Nitrosomonas incubated for 90 min. in the presence 
of various concentrations of (NH,),SO, and a single concentration of inhibitor 
(Final volume of washed suspension +additions=4 ml. Bracketed figures are nitrite formations expressed as per- 
centages (to the nearest 10%) of the ‘control’ nitrite formation.) 
NO,-N (ug.) formed during incubation in presence of 





(NH,).SO, c =a a 
concen, No inhibitor L-Histidine Guanidine Allylthiourea 
(m) (control) 2-5 x 10-*m 1-2 x 10-*m 5x 10-?m 
2-5 x 10-8 1-00 0-60 (60) 0-36 (40) 0-46 (50) 
1-2 x 10-3 0-70 0-40 (60) 0-28 (40) 0-35 (50) 
6-2 x 10-4 0-50 0-32 (60) 0-20 (40) 0-24 (50) 
3-1 x 10-4 0-30 0-24 (80) 0-16 (50) 0-15 (50) 
1-6 x 10-4 0-16 0-08 (50) 0-08 (50) 0-08 (50) 


Nil Nil Nil 


Nil Nil 
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It has already been shown (Lees, 1946, 1948) that 
chelating agents inhibit nitrification in soil; the 
inhibitory effects of various chelating agents on 
ammonia oxidation by Nitrosomonas are shown in 
Fig. 4; histidine is included among the chelating 
agents since Maley & Mellor (1950) have shown that 
it is outstanding among the amino-acids in its 
power to bind metal ions. Further experiments 
with three of these inhibitors failed to reveal any 
evidence that the inhibitions produced were com- 
petitive with respect to ammonia, since the per- 
centage inhibition of ammonia oxidation caused by 
one concentration of inhibitor was independent of 
ammonia concentration when this was varied over 
a fairly wide range (Table 2). 


Table 3. The breakdown of pu-methionine percolated 
as 100 ml. of approx. 10-?m solution through 
10 g. Aberdeenshire garden soil 


(The presence of volatile sulphur compounds in the air 
issuing from the percolator was detected by smell.) 


Nitrogen (ug./ml.) present 

in percolate as Volatile sulphur 
—— Mt! compounds in air 
issuing from 


Time from 
start of 
percolation NH;-N Amino N 


(hr.) (a) (5) (a) + (6) percolator 
6 0 131 131 + 
24 7 132 139 +++ 
48 27 97 124 ++ 
96 55 80 135 ~ 
144 77 60 137 - 


Quastel & Scholefield (1949, 1951) have shown 
that low concentrations of pu-methionine inhibit 
soil nitrification as studied by a percolation tech- 
nique. Percolation experiments carried out in this 
laboratory on the effect of percolated Di-methionine 
on soil nitrification have confirmed Quastel & 
Scholefield’s finding, but, since the results in Table 1 
afforded no indication that pu-methionine inhibited 
ammonia oxidation by washed suspensions of 
Nitrosomonas, it seemed possible that the inhibi- 
tions observed by Quastel & Scholefield, and con- 
firmed here, might have been due to products 
formed from the percolated methionine by the soil 
heterotrophs. The breakdown of Di-methionine 
percolated through soil was therefore studied. The 
results of these experiments, given in Table 3, 
showed that deamination of percolated methionine 
was rapid. From an early stage in the percolation, 
the air issuing from the percolators had a foul smell 
reminiscent of hydrogen sulphide or mercaptans 
which indicated some breakdown of the methionine. 
Paper chromatograms carried out on samples of the 
percolate by Dr T. Hofman showed a gradual dis- 
appearance of the methionine, but no detectable 
production of methionine sulphoxide which Quastel 
& Scholefield (1951) suggested might be formed from 
percolated methionine. It thus seemed likely that 
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the results of any experiments carried out with 
methionine under percolation conditions would be 
most difficult to interpret unequivocally and soil 
experiments on these lines were not continued. 


DISCUSSION 


Some of the compounds which the present results 
have shown to inhibit ammonia oxidation by 
Nitrosomonas have already been shown to inhibit 
either soil nitrification or the oxygen uptake of sus- 
pensions of Nitrosomonas. These compounds are 
guanidine (Meyerhof, 1916), allylthiourea, potas- 
sium ethyl xanthate, salicylaldoxime, and sodium 
diethyldithiocarbamate (Lees, 1946, 1948), and 
thiourea (Quastel & Scholefield, 1949, 1951). In- 
hibitions by t-histidine and 8-hydroxyquinoline 
have not, to the writer’s knowledge, been previously 
reported. All these inhibitors can be subsumed under 
the heading ‘chelating agents’, and the simplest 
explanation of their effects is therefore that they 
inhibit the action of some metal enzyme. This is in 
agreement with the suggestion (Lees, 1946, 1948) 
that some metal enzyme is intimately concerned in 
ammonia oxidation by Nitrosomonas. Quastel & 
Scholefield (1951) have advanced an alternative 
theory to account for the inhibitory effects of 
guanidine, urethane, and thiourea; they suggest 
that ‘It seems likely that the affinity of the N atom in 
the structure R. NH.C= for the ammonia-oxidizing 
enzyme is primarily involved.’ There are, however, 
a number of objections to this theory. The inhibition 
of nitrite formation caused by 5 x 10-*m-urethane in 
the present work was 65% (Table 1); Quastel & 
Scholefield (1951) noted a 45% inhibition of the 
oxygen uptake of a soil sample treated with am- 
monium chloride and 5 x 10-*m-urethane, compared 
with the oxygen uptake in the absence of urethane. 
The agreement between these two results is good, 
but the degree of inhibition is of quite different 
order from the inhibition of nitrite oxidation 
brought about by chelating agents (Fig. 4), the 
weakest of which (t-histidine) was completely in- 
hibitory at a concentration of 2-5 x 10-'m. More- 
over, as Quastel & Scholefield admit, arginine and 
creatine should, on their theory, inhibit ammonia 
oxidation by Nitrosomonas, whereas their own 
results failed to reveal any inhibition by these com- 
pounds. The ‘affinity of the N atom in the structure 
R.NH.C=’ seems to imply competition between 
ammonia and R.NH.C=for some active site on 
the enzyme, yet inhibitions by guanidine and allyl- 
thiourea were apparently not competitive (Table 2); 
this finding is difficult to harmonize with Quastel & 
Scholefield’s theory, but is consistent with the 
‘chelation’ theory, which does not involve any con- 
cept of competition. In addition, the distribution of 
the points in Fig. 4 is what would be expected if all 
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the compounds used in determining the points had 
inhibited ammonia oxidation by a common chela- 
tion mechanism, since the slopes of the lines relating 
percentage inhibition with log. (inhibitor concen- 
tration) were all the same. Moreover, the weakest 
chelating agent, L-histidine, gave the weakest in- 
hibition, while the stronger chelating agents gave 
correspondingly stronger inhibitions. There thus 
seem to be reasonable grounds for retaining the 
original ‘chelation’ theory, which has the merit of 
accounting for rather more facts. 
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Fig. 4. The effects of various inhibitors on nitrite formation 
in washed suspensions of Nitrosomonas incubated for 
180 min. in the presence of the inhibitor and 10-*m- 
(NH,).SO,. Nitrite formations are given as percentages 
of the nitrite formation in similar washed suspensions, 
containing 10-*m-(NH,),SO,, but without the addition of 
any inhibitor. (A—A), t-histidine; (7—V7), guanidine; 
(@—@), 8-hydroxyquinoline; (1J—[), salicylaldoxime; 
(O—O), potassium ethyl xanthate; (x— x), sodium 
diethyldithiocarbamate; (Q@—), thiourea; (O—©), 
allylthiourea. 


Jensen (1950) showed that D-mannose (6 x 10-*m) 
inhibited growing cultures of Nitrosomonas studied 
over periods of several days, whereas the other 
common monosaccharides did not. The present 
work failed to reveal any direct effect of D-mannose 
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within 3 hr. on nitrite formation by Nitrosomonas 
even at concentrations 8 times greater than those 
used by Jensen. This suggests that D-mannose 
inhibits some essential growth process in Nitro- 
somonas other than ammonia oxidation. 

Despite the wide variety of nitrogenous com- 
pounds tested in the present work, none, except 
ammonia, was converted to nitrite by Nitrosomonas. 
This is in agreement with the generally accepted 
theory that ammonia is the obligatory primary 
oxidation substrate of Nitrosomonas. Although the 
stages by which the ammonia is converted to nitrite 
remain largely obscure there is now some evidence 
(Lees, in preparation) that hydroxylamine may be 
involved, as suggested by Kluyver & Donker (1926). 
If hydroxylamine, either free or as a bound hydrox- 
amic acid (Kermack & Lees, 1952), is in fact formed 
during ammonia oxidation by Nitrosomonas, then 
the metabolism of Nitrosomonas would resemble in 
some respects the metabolism of Azotobacter vine- 
landii, where hydroxylamine appears to be involved 
both in the reduction of nitrate to ammonia and in 
ammonia oxidation (Virtanen & Jarvinen, 1951). 
The role of hydroxylamine in ammonia oxidation 
by Nitrosomonas is now being investigated in this 
laboratory. 


SUMMARY 


1. Nitrite formation by Nitrosomonas has been 
studied by means of short-term incubation experi- 
ments on washed suspensions of the organisms. 

2. Despite the wide variety of nitrogenous com- 
pounds tested, only ammonia gave rise to nitrite 
under these conditions. 

3. All chelating agents tested inhibited the for- 
mation of nitrite from ammonia by Nitrosomonas. 

4. In a discussion of the results it is suggested 
that some metal enzyme is intimately concerned in 
ammonia oxidation by Nitrosomonas. 

I am indebted to Prof. W. O. Kermack, F.R.S., for advice, 
help, and encouragement throughout this work. I also wish 
to thank Glaxo Laboratories Ltd., for a gift of streptomycin. 
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The free-energy efficiencies of a number of auto- 
trophic micro-organisms have been calculated by 
Baas-Becking & Parks (1927) as the ratio between 
the free energy consumed in carbon dioxide 
assimilation and the free energy released by the 
primary inorganic oxidation. These calculations 
were based on the results of determinations, pub- 
lished by various workers, of the amounts of organic 
carbon found in initially inorganic media in which 
various autotrophs had oxidized measured amounts 
of substrates. In the case of Nitrosomonas, which 
obtains all the free energy needed for carbon dioxide 
assimilation from the free energy released by the 
oxidation of ammonia to nitrite, the calculation runs 
as follows: The reduction of 1 g. of carbon from 
carbon dioxide to the oxidation level at which 
carbon is found in cellular constituents requires 
approximately 10000cal. of free energy. The 
oxidation of 1g. of nitrogen from ammonia to 
nitrite releases about 4700 cal. of free energy. (The 
exact figure depends on the pH of the medium, 
concentrations of reactants, and other relevant 
factors.) The free energy efficiency of Nitrosomonas 
Co. OSM 100%, wi C.= 

Y, XT700 * 100%, where Co=g. 
carbon assimilated by the culture and N,=g. 
nitrite N formed by the culture. Baas-Becking & 
Parks (1927) used the value of 1/35, obtained by 
Winogradsky (18906), for the ratio C,/N, and thus 
concluded that the free-energy efficiency of Nitro- 
somonas was about 6 %. This value has been widely 
accepted (e.g. Stephenson, 1949), although Nelson 
(1931) showed that it could be considerably ex- 
ceeded, since analyses of his cultures of Nitro- 
somonas revealed that C,/N, was approximately 
1/15, corresponding to a free-energy efficiency of 
14%. The results of Hes (1937) indicated that the 
free-energy efficiency of Nitrosomonas was some- 
what higher in young cultures than in older ones, 
Winogradsky (1890a) had obtained similar indica. 
tions in his preliminary investigations on carbon 
assimilation by Nitrosomonas, but he apparently 
regarded these preliminary results as unreliable. 
As Van Niel (1943) has pointed out, the whole 
subject of the free-energy efficiencies of the auto- 
trophic micro-organisms might well be reinvesti- 
gated since the published data are too scanty to 





is therefore 





permit a reliable interpretation. The present work is 
a study of the free-energy efficiency of Nitrosomonas 
as defined above and determined at various stages 
during the growth of cultures of the organisms. 


MATERIALS AND METHODS 


The organisms were cultured in the way already described 
(Lees, 1952). For some experiments the volume of the 
cultures was increased to 400 ml. and a larger culture vessel 
used, but this change in no way affected the results obtained. 

Determination of organic carbon formed in a culture. When 
the amount of nitrite formed in a culture had attained a 
suitable value, the whole of the culture was centrifuged to 
separate the precipitate of inorganic carbonates to which 
the organisms adhere (Winogradsky, 1890a,b; Meiklejohn, 
1950). The precipitate, with its adherent organisms, was 
washed at the centrifuge with distilled water until the 
washings were free of NH,, suspended in about 10 ml. of 
distilled water, and acidified with 10N-H,SO, to a pH of 2-0. 
The acid suspension was made up to a known volume and a 
measured sample transferred to a Van Slyke carbon tube 
(Van Slyke & Folch, 1940), together with 1 ml. conc. HCl to 
destroy any traces of carbonate. After the contents of the 
tube had been evaporated to dryness at 105°, the organic 
carbon in the residue was determined by the method of Van 
Slyke & Folch (1940). Blank determinations were made ina 
culture set up at the same time and in the same way as the 
‘test’ culture but inoculated with a boiled inoculum. 

Organic N determinations. From time to time the amount 
of organic N in a culture as well as organic C, was determined. 
For this determination, a sample of the suspension acidified 
with H,SO, (see above) was digested according to a micro- 
Kjeldahl procedure and the final NH, determination carried 
out as already described (Lees, 1952). It was found that the 
ratio (organic C):(organic N) always fell between 3-5 and 
4-0. The constancy of this ratio thus provided a check on the 
accuracy of the organic C determinations. 

Nitrite N. This was determined as already described (Lees, 
1952). 


RESULTS 
If the free-energy efficiency of Nitrosomonas is con- 
Cc 
stant throughout growth of a culture 7 K, where 


C=ypg. organic C formed/ml. culture, N=yg. 
NO,-N formed/ml. culture, K isa constant, therefore 
log C=log K+log N, and a plot of log C against 
log N should yield a straight line of unit slope with 
an intercept equal to log K when log N is zero. 
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The experimentally determined points for log C 
and log N are shown in Fig. 1. The regression 
line shown, which was obtained by the least squares 
method, fits the equation log C= 0-73 log N — 0-35, 
whence 2:2C=N%73, Thus C/N=1/(2-2 x N®?) 
and the free-energy efficiency (see Introduction) is 
97/N°?? % or 77/C®3? %. The free-energy efficiency 
of Nitrosomonas thus falls as the NO,-N and organic- 
carbon content of the culture increase. It should be 
noted that the free-energy efficiency so calculated is 
derived from the ratio of the total carbon assimi- 
lated to the total nitrogen oxidized; it may thus 
conveniently be thought of as an overall free-energy 
efficiency as contrasted with the instantaneous 
free-energy efficiency. A line calculated from the re- 
gression line and showing the fall of overall free- 
energy efficiency with increasing NO,-N concentra- 
tion is included in Fig. 1. Experimental points 
obtained by other workers are plotted for com- 
parison. 
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Fig. 1. The relation between organic carbon assimilated 
from carbon dioxide and nitrite nitrogen produced from 
ammonia in cultures of Nitrosomonas. Points determined 
by: (x), present authors; (O), Winogradsky, 1890a; 
(@), Winogradsky, 18906; (©), Nelson, 1931; (@), 
Bémeke, 1951. Solid line, regression line calculated to 
present results. Dotted line, free-energy efficiency 
calculated from regression line. 


DISCUSSION 


The results show that the overall free-energy 
efficiency of Nitrosomonas fell as the nitrite con- 
centration and organic carbon concentration of the 
culture rose. The instantaneous free-energy effi- 
ciency of the organisms at any particular time is 
given by the first differential, dC/dN, of the ex- 
pression relating the nitrite-nitrogen concentration 
with the organic-carbon concentration (see Results). 
It may therefore be easily calculated from the 
equation to the regression line that the instan- 
taneous free-energy efficiency, dC/dN, is 0-73 of the 
overall free-energy efficiency. 

The figure shows that the results obtained by 
other workers agree well with our own, with the 
exception of the results of Bémeke (1951) which 
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indicate a rather lower amount of organic carbon in 
the cultures than might be expected from the 
amount of nitrite formed therein. Unfortunately 
the experimental basis of Bémeke’s work was 
rather unsatisfactory. He did not actually measure 
the amount of nitrite formed in his cultures, but was 
content to assume that 80—90 % of the ammonia he 
added to the medium before sterilization was con- 
verted to nitrite. Moreover, he allowed his cultures 
to remain without ammonia, and in contact with 
the nitrite they had produced, for 3-4 weeks before 
performing any carbon analyses on them. His 
organisms were thus kept for a period in a state 
where respiration, with consequent loss of carbon, 
could proceed but where carbon assimilation, which 
is dependent upon ammonia oxidation, could not. 
It is therefore possible that there was an appreciable 
overall loss of carbon from the cultures during 
this 3- to 4-week period. Since Bémeke’s ‘nitrite’ 
figures may be too high, and his carbon figures may 
be too low, there are reasonable grounds for 
supposing that the points corresponding to his 
analyses in Fig. 1 could, with advantage, be dis- 
placed upwards and to the left. This would bring 
them more closely into line with our own results and 
the results obtained by other workers. The observed 
fall in free-energy efficiency of growing cultures of 
Nitrosomonas may be due to either or both of two 
causes. If, as seems probable (Kermack & Lees, 
1952), respiratory and oxidative activities in 
growing cultures of Nitrosomonas increase more 
rapidly than does the assimilative activity, then the 
free-energy efficiency of the cultures would fall 
during growth. Secondly, the end product of 
Nitrosomonas metabolism is nitrite, an ion highly 
toxic to most living organisms. It seems most un- 
likely that in view of this toxicity the intracellular 
nitrite concentration of Nitrosomonas could ever be 
high, certainly not as high as 0-1M, a concentration 
often reached in Nitrosomonas cultures. Engel 
(1941) has suggested that ammonia oxidation by 
Nitrosomonas takes place on the cell surface; if this 
were so it may well be that nitrite never enters the 
cell at all and that the intracellular nitrite concentra- 
tion is kept small. But since nitrite is not only toxic, 
but is easily diffusible, one is driven in any case to 
postulate that Nitrosomonas possesses some ‘nitrite- 
excreting’ mechanism for maintaining a concentra- 
tion gradient of nitrite between the interior of the 
cell and the culture medium. Such a mechanism 
could not operate without a supply of free energy, 
and since the only primary source of free energy 
available to the organisms is ammonia oxidation, 
the operation of a ‘nitrite-excreting’ mechanism 
would demand the oxidation of some extra quantity 
of ammonia, over and above the quantity required 
to maintain the normal respiratory and assimilative 


requirements of the cell. Moreover, the rate at 
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which the nitrite-excreting mechanism consumed 
energy would increase as the nitrite concentration 
increased in the medium surrounding the cell. 
Hence, the free-energy efficiency of the cultures 
would fall with increasing nitrite concentration in 
the medium, i.e. it would fall as the cultures grew. 

We now intend to investigate, by means of the 
Warburg technique, the respiration of Nitrosomonas 
cultures at various stages in their growth; we also 
hope to investigate the effect of various concen- 
trations of nitrite on the respiration of the cultures. 
These experiments should lead to a better under- 
standing of the causes underlying the fall in the 
free-energy efficiency of Nitrosomonas cultures 
during growth. 
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SUMMARY 


1. The free-energy efficiency of Nitrosomonas 
falls as the amount of carbon assimilated and the 
amount of ammonia oxidized increase; the free- 
energy efficiency thus falls during the growth of 
cultures of the organisms. 

2. The low free-energy efficiencies reported by 
other workers for Nitrosomonas are consistent with 
the high nitrite concentrations at which they were 
determined. 

3. Possible reasons for the observed fall in free- 
energy efficiency are discussed. 

We wish to acknowledge the help, advice, and encourage- 
ment of Prof. W. O. Kermack, F.R.S., throughout this work. 
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The Ultraviolet Absorption Spectrum of Ribonuclease 


By D. SHUGAR 
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Université Libre de Bruxelles 


(Received 20 December 1951) 


No detailed study of the absorption spectrum of 
ribonuclease appears to have been made. It is well 
known that this enzyme contains no tryptophan, 
while its cystine and phenylalanine contents (Brand, 
1948) are such as to make a negligible contribution 
to its absorption spectrum in the region above 
2700 A. (see below). In addition, electrophoretic, 
ultracentrifugal and solubility studies all indicate 
homogeneity (Northrop, Kunitz & Herriott, 1948), 
although recent observations (Martin & Porter, 
1951; Hirs, Stein & Moore, 1951) raise anew the 
question as to what is meant by a homogeneous 
protein preparation, at least in so far as ribonuclease 
is concerned. 

The quantitative method introduced by Holiday 
(1936) for the spectrophotometric estimation of the 
tyrosine and tryptophan contents of proteins has 
been widely applied and has proved it is useful in 
a number of instances. There are, however, examples 
where serious divergences exist between the results 
obtained by this method, and chemical analyses. If, 


as appears most likely (Beaven, Holiday & Jope, 
1950), absorption due to peptide linkages is neg- 
ligible in the region of the absorption maxima of the 
aromatic amino-acids, it would seem reasonable to 
expect thet a study of the differences obtained by 
the two methods may lead to information regarding 
the nature of the changes undergone by the aromatic 
amino-acids upon incorporation into a protein 
molecule. This assumption is naturally dependent 
upon the correctness of chemical analyses, regarding 
which doubts still exist in some instances (Tristram, 
1950). 

Further interest is lent to a study of ribonuclease 
by the observation of Kunitz (1940) that it is 
digested in acid medium by pepsin, with resulting 
denaturation and loss of enzymic activity. Since 
pepsin is known to attack linkages between «- 
carboxylic groups of dicarboxylic amino-acids and 
the a«-amino radical of an aromatic amino-acid 
(Bergmann & Fruton, 1941), observation of the 
spectrum both before and after digestion may be 
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expected to throw some light on the origin of the 
fine structure spectral shifts observed for aromatic 
amino-acids in proteins (see Beaven et al. 1950, for 
recent review). 

The absorption spectrum of this enzyme was 
reported by Uber & Ellis (1941), who found the 
maximum to be in the neighbourhood of 2800 A., 
with an extinction coefficient of 11-4x10* at 
pH’s 2-5 and 4-5, based on a molecular weight of 
15000 and a nitrogen content of 16-1%. Their 
curve shows a minimum at about 2500 A. with a 
ratio of maximum to minimum extinction coefficient 
of 1-8. 


EXPERIMENTAL 


Two Kunitz preparations of ribonuclease (Kunitz, 1940) 
were kindly made available by Prof. J. Brachet. Cytological 
tests on one of these (Brachet & Shaver, 1948) indicated 
freedom from proteolytic activity, a fact confirmed by addi- 
tional tests conducted during the course of an investigation 
of the ultraviolet inactivation of this enzyme (Shugar, 
1951a). A few measurements were also made on a sample 
kindly supplied by Dr M. Macdonald and prepared according 
to her method (Macdonald, 1948). Tyrosine was an Eastman 
Kodak product, recrystallized from water; the nitrogen 
content agreed with that calculated from the dry weight 
and it showed only one component chromatographically. 
The pepsin used was a crystalline preparation from the 
Worthington laboratories. The lysozyme used in a com- 
parison experiment was prepared according to the method 
of Alderton & Fevold (1946) and recrystallized four times. 

All measurements were made in the 10 mm. cells of the 
Beckman spectrophotometer (two instruments were used) 
generally at 10-20 A. intervals except in the neighbourhood 
of maxima, minima and points of inflexion, where 5 A. 
intervals were used. The blank cell always contained all the 
other constituents of the enzyme solution. Special pre- 
cautions were taken with respect to cell corrections which 
were measured over the entire spectral range with distilled 
water in the cells. In order to obtain measurements which 
could be duplicated to within 1 %, it was found necessary to 
ensure that the same cell face be struck by the incident light 
beam. Where constituents were added to solutions in the 
cells following one series of measurements, dilution correc- 
tions were made. Enzyme concentrations were so adjusted 
that most of the readings fell in the range of optical densities 
from 0-3 to 0-8. 

Buffers were made up with double-distilled water and 
checked with a Beckman pH meter using glass electrodes; 
0-1n-HCl was taken as pH 1, 0-01N-HCl as pH 2, 0-1N- 
NaOH as pH 13. Sorensen phosphate buffers were used in 
the range 5-4 to 8-7 and 0-1M-glycocoll buffers above this 
range. 

Results are given as extinction coefficients « =d/c, where 
dis the optical density for a 10 mm. path length and c the 
concentration in moles/I. 


RESULTS 


Curve A of Fig. 1 shows the absorption spectrum of ribo- 
nuclease at pH 7-2; the principal maximum is at 2775 A. 
with an extinction coefficient of 11-4 x 10%, based on a 
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molecular weight of 15000 (Northrop e¢ al. 1948) and a 
nitrogen content of 16-5% (Brand, 1948). The striking 
resemblance of the spectrum to that of tyrosine is obvious 
(Fig. 4, curve for pH 7-2). Curve B of Fig. 1 is the spectrum 
in 0-1 n-NaOH, the maximum being at 2930 A., which is also 
the position of the maximum of free tyrosine at the same pH 
(Fig. 4). However, this is not the form of the spectrum 
obtained immediately upon bringing the enzyme solution to 
pH 13; the absorption at first increases rapidly, to about 
75 % of the height of curve B during the first 2 min., then 
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Fig. 1. Absorption spectrum of ribonuclease: A, in phos- 
phate buffer, pH 7-2; B, in 0-1N-NaOH; C, in 0-1 N-HCl; 
D, following digestion by pepsin in 0-1N-HCl; Z, in 
0-1Nn-NaOH, following digestion by pepsin. 


rises slowly to its final value. In one typical experiment 
where the optical density at 3000 A. attained a final value of 
0-439, the optical densities following addition of alkali were, 
at 2, 3, 4, 5, 6, 7, 9, 13, 19 and 36 min. respectively 0-331, 
0-351, 0-375, 0-390, 0-400, 0-409, 0-418, 0-429, 0-439 and 
0-439. Warming the solution at this point resulted in no 
further change. As will be shown below, what is being ob- 
served here is the alkaline denaturation of the enzyme. The 
change in absorption in going from neutral to alkaline 
solution is due to the dissociation of the phenolic groups of 
tyrosine (Crammer & Neuberger, 1943) and the partial time- 
dependence of this change would appear to indicate that at 
least 25%, and probably more, of these groups in the ribo- 
nuclease molecule are not free to ionize at all until denatura- 
tion has taken place. 

Curve C of Fig. 1 shows the spectrum of ribonuclease in 
0-1N-HCl. The absorption maximum has undergone a 
hypsochromic shift of 10 A. while the extinction coefficient 
has been reduced 8%. At this point, 20 cu.mm. of a solution 
of pepsin (2 mg./ml.) were added to the enzyme solution 
which was then left overnight, since no marked change was 
immediately obvious. Curve D represents the spectrum 
following the digestion period. It will be seen that the 
principal maximum is now at 2750 A., which is that for 
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tyrosine itself; and that the second maximum of tyrosine 
(Fromageot & Schnek, 1950) noticeable in the original 
curve A, has become more pronounced and is now close to 
2800 as in tyrosine, Fig. 4. The ratio of the two maxima in 
the undigested ribonuclease is 1-13, in the digested enzyme 
it is 1-16, while for tyrosine itself it is 1-18 (Fig. 4 and 
Fromageot & Schnek, 1950). 

Following digestion, the enzyme solution was brought to 
pH 13, resulting in curve E of Fig. 1. As in the case of the 
undigested solution it was necessary to wait more than 
15 min. for the curve to reach its final form, indicating that, 
even following digestion, some of the phenolic groups are 
still not free to ionize. 
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Fig. 2. Absorption spectrum of ribonuclease: A, in phos- 
phate buffer, pH 7-2; B, in 0-01N-HCI1; C, following di- 
gestion by pepsin in 0-01 N-HCl; D, at pH 7-2, following 
digestion; E, in 0-1N-NaOH following digestion. 


Fig. 2 illustrates another typical experiment in which the 
digestion was carried out at pH 2. Curve A is the original 
spectrum; curve Bis thatin 0-01 n-HCl, only slightly different 
from that in neutral solution. Curve C is that following 
digestion and is identical with that obtained at pH 1. 
However, the rate of digestion was sufficiently rapid at pH 2 
to follow the course of the reaction approximately. One 
hour following addition of pepsin (temperature about 25°) 
the absorption maximum had shifted to 2765 A. with very 
little change in extinction coefficient; after another hour the 
maximum was between 2755 and 2760 A., while the ex- 
tinction coefficient had dropped 5%. Several hours more 
were required to reach curve C. 

Curve D resulted when the digested protein was brought 
to pH 7 with NaOH. While the maximum has remained at 
2750 A., the extinction coefficient is now somewhat higher 
than in the original solution; it did not, however, remain 
stationary but dropped slowly towards curve A, indicating 
the presence of secondary reactions. Further addition of 
alkali to bring the pH to 13 resulted in curve E, almost 
identical with that of Fig. 1; in this instance 85% of the 
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height of the curve was attained within 1 min., suggesting 
that soc of the ‘ bound’ phenolic groups had been liberated 
as a result of digestion. It was still necessary to wait almost 
15 min. for curve £ to be attained. 

A plot of the spectrum of the enzyme at various pH values 
results in the series of curves shown in Fig. 3. It will be seen 
that up to pH 12-3, all the curves pass through two isos- 
bestic points at 2700 and 2800 A., denoting the presence of 
a reversible ionic equilibrium due to the dissociation of the 
phenolic groups of tyrosine. No sooner, however, is pH 12:3 
exceeded than the resulting curves break away from the 
isosbestic points and, in fact, begin to increase in height at 
a rate which increases with pH. The curve for pH 12:3 itself 
passes through the isosbestic points only because it was 
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Fig. 3. Absorption spectrum of ribonuclease at pH values 
indicated. Note isosbestic points at 2700 and 2800 A. 
Between these two wavelengths, at pH values between 
9-4 and 11-4, the curves have not been drawn in, for the 
sake of clarity. 


recorded rapidly; within another half-hour it had already 
changed slightly. Below pH 12-3, the spectra remained 
unaltered for periods of some hours at room temperature. 
It is clear that above pH 12 denaturation takes place; that 
this latter process is irreversible was demonstrated by the 
fact that neutralization of the solution resulted in a new 
spectrum, the maximum of which was quite broad, 2740- 
2770 A., with an extinction 20% higher than that of the 
original neutral solution; the minimum was now at 2610 A. 
while the absorption above 3000 A. was appreciable. 

The ionic equilibrium indicated by Fig. 3, if due to the 
ionization of the phenolic groups of tyrosine, should be 
shown by tyrosine itself. Fig. 4 shows the absorption 
spectrum of tyrosine at several pH values. It will be seen 
that there is one clearly defined isosbestic point at 2670 A., 
and another at 2775 A., except for the curve at pH 7:2 
which does not pass through it. Although the deviation of 
the pH 7-2 curve from this point is small (about 4%), 
repeated trials showed that it is real and that, not until pH 9 
had been passed, did all the curves intersect at this second 
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isosbestic point. While the reason for this was at first 
ascribed to some possible impurity in the tyrosine, it should 
be recalled that the «-amino group of this amino-acid has a 
pK of about 9 (Haurowitz, 1950) so that the dissociation of 
this group may be expected to have a small effect on the 
spectrum in the neighbourhood of pH 9, even though the 
phenolic ring is separated from the «-amino radical by two 
intervening single bonds (Braude, 1949). In the ribonuclease 
molecule itself, the amino group of tyrosine is bound in a 
peptide linkage and so this effect would be absent, as it is 
(Fig. 3). 

A comparison of Figs. 3 and 4 shows that the isosbestic 
points for tyrosine undergo a bathochromic shift of 30 and 
25 A. respectively, when this amino-acid is incorporated 
into the ribonuclease molecule, which corresponds quite 
well to the 25 A. shift undergone by the maximum of the 
tyrosine curve. 
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Fig. 4. Absorption spectrum of tyrosine at pH values 
indicated. Note isosbestic points at 2670 and 2775 A. 
See text for discussion of isosbestic point at 2775 A. 


From the curves in Fig. 4 it is readily shown that the 
alkaline pK of tyrosine is 10-0 as compared with the values 
of 10-05 obtained by Crammer & Neuberger (1943) and 10-1 
by Fromageot & Schnek (1950). 

A plot of the increase in the absorption of ribonuclease at 
agiven wavelength, between 2600 and 3050 A., as a function 
of pH, yields the solid curve of Fig. 5, from which the 
apparent pK for dissociation of the phenolic groups is 11-4, 
if we include also those groups which dissociate only upon 
denaturation. For purposes of comparison, the analogous 
results of Crammer & Neuberger (1943) for insulin have been 
plotted to the same scale and are shown as the dotted line in 
the same figure. It will be seen that both curves are similar 
up to pH 12; above pH 12, insulin still bears some re- 
semblance to a normal ‘titration’ curve (see, however, 
below), while that for ribonuclease deviates sharply from 
this behaviour. That the insulin curve represents an equi- 
librium reversible even at pH 13 is shown by an examination 
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of Fig. 1 of the paper by Crammer & Neuberger (1943); 
extrapolation of several of their curves shows that, up to and 
including pH 13, all of them pass through two isosbestic 
points at about 2700 and 2800 A. Only above pH 13 do the 
spectra break away from these points. 

Applying a correction for the presence of tryptophan, 
Fromageot & Schnek (1950) showed that the ionization of 
the tyrosyl phenolic groups of lysozyme follows a com- 
pletely normal dissociation curve with an apparent pK of 
10-8 and that the spectrum was entirely reversible up to 
pH 13. Elsewhere it has been shown that lysozyme exposed 
to alkali and brought back to neutral pH suffers no loss in 
activity (Shugar, 1951). Some of the spectral measure- 
ments of the above authors have now been repeated with 
substantially the same results; in particular, bringing a 
lysozyme solution directly to pH 13 results in the same 
curve reported by them, with no time lag perceptible in its 
attainment, in agreement with their findings, and indi- 
cating that the phenolic groups of lysozyme are not partially 
‘bound’ as in ribonuclease. 

Some of the principal numerical constants for tyrosine and 
ribonuclease are listed in Table 1. The values for tyrosine at 
pH 1 are in good agreement with those of Fromageot & 
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Fig. 5. Relative increase in optical density of ribonuclease 
at 3000 A. as a function of pH (solid line). The dotted line 
has been drawn from the observations of Crammer & 
Neuberger (1943) for insulin, and adjusted to the same 
scale for purposes of comparison. 


Schnek (1950) as are those at pH 13. The latter are also in 
good agreement with a mean value based on the measure- 
ments of a number of observers (Holiday, 1951). However, 
the extinction coefficient for pH 7-2 is in marked disagree- 
ment with that of Fromageot & Schnek (1950), 1-23 x 10* 
and with that of Holiday (1936), 1-24 x 10%. By contrast 
both Sizer & Peacock (1947) and Kretchmer & Taylor (1950) 
find no difference in extinction coefficients between pH 1 
and 8, as compared to the slight difference found here, 
and the 11% difference reported by Holiday (1936) and 
Fromageot & Schnek (1950). The reason for these dis- 
crepancies at neutral pH is not clear. 

The figures cited for ribonuclease are for the Kunitz 
preparation proved to be free from proteolytic activity, 
and based on nitrogen determinations made on solutions 
measured spectrophotometrically; one determination of 
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extinction coefficient was also made from the dry weight, 
the enzyme being dried at 110° for more than 12 hr. as 
suggested by Brand & Kassell (1942), and indicating a 
moisture content of 15 %. The value found for the extinction 
coefficient is quite close to that reported by Uber & Ellis 
(1941); but the ratio of maximum to minimum extinction 
coefficients is 2-2 as compared to the value of 1-8 reported by 
the latter authors. The preparation supplied by Dr Mac- 
donald gave an almost exactly similar spectrum, but with a 
slightly higher extinction coefficient and a ratio of maximum 


Table 1. 


Absorption maxima 
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alkaline media (in the latter of which all the phenolic 
groups are liberated) leads to the same tyrosine 
content, argues against this being the cause of the 
higher absorption. 

In view of the low molecular weight of ribo- 
nuclease, absorption due to scattered light may be 
neglected. There remains the possibility of some 
secondary effects related to the peptide linkages. 
As already pointed out above, available evidence 


Principal absorption bands, extinction coefficients and isosbestic points for tyrosine and ribonuclease 


Isosbestic points 








c A—__— ~ f Z| 
Substance pH A (A,) e (x 10-%) pH range A (A.) e (x 10-4) 
Tyrosine b 2750 1-36 9-5-13-0 2670 1-03 
7-2 2750 1-38 9-5-13-0 2775 1-33 
13-0 2930 2-36 -- _ = 
Ribonuclease 1-0 2765 10-5 7-0-12-3 2700 9-25 
2-0 2775 11-1 7-0-12-3 2800 11-0 
7-2 2775 11-4 — — — 
13-0 2930 17:8 = — — 
Digested ribonuclease 1-0-2-0 2750 10-4 — — — 


to minimum absorption of 2-3. The importance of this ratio 
has already been pointed out (Shugar, 19515) and will be 
referred to again in the Discussion (see below). 

Application of the method of Holiday (1936) to the caleu- 
lation of the tyrosine and tryptophan contents of ribo- 
nuclease from the curve in alkaline solution in Fig. 1 yields 
(a) tryptophan =0, in agreement with chemical analyses 
and (5) tyrosine = 10 residues/mol. ribonuclease as compared 
to the 6-6 residues determined chemically by Kunitz (see 
Northrop e¢ al. 1948) and Brand (1948). 

If, however, the tyrosine content is calculated more 
directly from the ratio of the extinction coefficients of 
ribonuclease in acid solution following digestion and that for 
tyrosine at pH 1, the result is 7-6 residues/mol. ribonuclease. 
A similar calculation for the two curves at pH 13 gives 7-5 
residues. Even the mean of these two values is 13% higher 
than the chemically determined one, suggesting the presence 
of absorption due to other sources than that of free tyrosine. 


DISCUSSION 


A comparison of the curves for tyrosine and ribo- 
nuclease, including the relative heights of their isos- 
bestic points and the minima at about 2500 A.., 
indicates the presence of absorption in the enzyme 
other than that of free tyrosine, such extraneous 
absorption increasing with decreasing wavelength. 
If we accept Brand’s (1948) analysis for the cysteine, 
cystine and phenylalanine contents of ribonuclease, 
and the extinction coefficients of Fromageot & 
Schnek (1950) for these amino-acids, their combined 
absorption accounts for only 15% of that of the 
enzyme at 2500 and 2600 A., 2-5 % at 2700 A. and 
practically zero at 2800 A. and above. It is quite 
conceivable that the binding of 40 % of the phenolic 
groups may result in some change in absorption; 
the fact, however, that calculations in both acid and 


appears to exclude direct absorption by peptide 
linkages in this region of the spectrum. This does 
not, however, exclude the possibility that a non- 
aromatic amino-acid, bound in a peptide linkage 
to an aromatic amino-acid, may influence the 
absorption of the latter, notwithstanding that the 
aromatic ring is separated from the linkage by two 
single bonds (Braude, 1949). A secondary effect of 


this nature has already been postulated to account | 


for the small wavelength shifts observed in peptides 
containing an aromatic amino-acid (Beaven e¢ al. 
1950). An examination of the spectra of Fromageot 
& Schnek (1950) for leucyltyrosine and tyrosyl- 
cysteine does indeed show increases in extinction, 
above that of tyrosine, of the order of 10-20% at 
2750 A. at pH 8 (at pH 13 the difference is smaller) ; 
while at 2500 A. that of tyrosyleysteine is about 
three times as high as for tyrosine, so that the ratio 
of its maximum to minimum absorption is about 
2-2, almost exactly that for ribonuclease in neutral 
solution (Fig. 1), although too much significance 
should not be attached to this concordance. It is, 
however, not without interest to note that this 
ratio is not markedly altered for ribonuclease 
following digestion, as would be expected from the 
above facts if only the linkage at the «-amino group 
is hydrolysed by pepsin. The decrease in extinction 
coefficient at 2500 A. accompanying digestion is of 
the same order as that found for horse serum 
globulin (Haurowitz & Astrup, 1939) and serum 
albumin and globulin (Beaven et al. 1950). 

While the above facts readily account for the 
13 % difference between the chemically and spectro- 
scopically determined tyrosine contents, it should 
not be overlooked that the amino-acid analysis of 
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ribonuclease leads to a calculated molecular weight 
somewhat higher than that determined by physical 
methods (Northrop e¢ al. 1948). If the amino-acid 
analysis of Brand (1948) is really correct for the 
sample he examined, the question arises as to 
whether different methods of preparation do indeed 
result in exactly the same final product. As pointed 
out in the Results section, a second Kunitz pre- 
paration and one prepared by Dr M. Macdonald 
gave results differing by a few per cent from those 
listed in Table 1. The increasing precision becoming 
available for both amino-acid analyses and spectro- 
photometric measurements make it obviously 
desirable to remove these doubts by using the same 
preparation for both series of measurements (see 
also below). 

In a recent communication, Rideal & Roberts 
(1951) postulate the existence of some absorption by 
peptide bonds at 2500 A. They find (as is the case 
for ribonuclease, above) that insulin, bovine serum 
albumin and gelatin display somewhat higher ab- 
sorption at this wavelength than that of solutions 
containing the equivalent concentrations of free 
amino-acids, and conclude that about 5% of the 
absorption at this wavelength is due to the peptide 
bonds. In view of what has been said above, it 
appears somewhat difficult to accept such a con- 
clusion without further evidence. These authors 
assume that gelatin contains no tyrosine, whereas 
in fact gelatin is known to contain small but vary- 
ing proportions of tyrosine which have been mea- 
sured both chemically and spectrophotometrically 
(Beaven et al. 1950). As further evidence they cite 
the fact that the absorption of acetylglycine at 
2537 A. is higher than that of glycine, and conclude 
that, since the absorption of the methyl group is 
small, the increased absorption must be due to 
absorption by the peptide linkage ; such a conclusion 
is not in agreement with the widely differing results 
reported by Fromageot & Schnek (1950) for leucyl- 
tyrosyl and tyrosyleysteine, and is at variance with 
the observation of Edwards (1949) that acetyl- 
tryptophan has a lower absorption than that of free 
tryptophan. Finally, their curve for insulin shows 
aratio of maximum to minimum absorption of 2-0, as 
compared with 2-5 for that of Crammer & Neuberger 
(1943) and 1-8 for a curve presented by Beaven et al. 
(1950) ; the differences in absorption between these 
three curves at 2500 A. are of the same order of 
magnitude as the difference found by Rideal & 
Roberts (1951) between their preparation and that 
of an equivalent solution of free amino-acids. 

Very few reliable measurements exist with regard 
to the changes resulting from peptide binding on 
the absorption spectra of di- and tri-peptides of 
aromatic amino-acids, except in so far as the fine 
structure of these spectra is concerned (Beaven e al. 
1950). It is, however, clear from the above that 
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further data of this nature are required adequately 
to explain the differences observed between the 
absorption spectra of proteins and their constituent 
amino-acids. 

The reversion of the position of the entire ab- 
sorption band of the enzyme to the position of that 
for tyrosine, as a result of digestion, is also readily 
explicable on the basis of the influence of the 
adjacent bound amino-acids. That it is not the 
peptide linkage itself which causes the shift is 
shown by the data of Beaven e¢ al. (1950) where the 
extent of the shift varies with the nature of the 
amino-acid bound by the aromatic amino-acid. 
Although they report shifts of the order of only 
5-15 A. as a result of peptide combination (com- 
pared tothe 25 A. shift which occurs in ribonuclease), 
their measurements were made on peptides, the 
non-aromatic amino-acids of which were only 
glycine, cystine or alanine. The mere fact that the 
shifts caused by these three amino-acids are different, 
suggests that others may produce more (or less) 
appreciable shifts. The fact, however, that acidifica- 
tion to pH 1 causes a 10A. shift in ribonuclease 
(leaving only 15 A. to be accounted for by digestion, 
in accord with Beaven et al.) does suggest that part 
of the displacement of the spectrum may be due to 
reasons other than peptide binding of tyrosine. 
Tyrosine shows no such shift in acid (Table 1); nor 
does insulin, although its absorption spectrum is 
displaced 20-30 A. from that of tyrosine (Crammer 
& Neuberger, 1943). 

The few experiments which have been reported on 
the effect of digestion upon the displacement of the 
absorption bands of proteins have generally heen 
conducted on molecules containing major pro- 
portions of more than one aromatic amino-acid. 
Further studies could much more profitably be 
made upon proteins containing only one main 
absorbing constituent such as gramicidin (trypto- 
phan only), zein or insulin (tyrosine only). Insulin is 
of special interest because it is digested by both 
pepsin and chymotrypsin, each of which attacks 
different types of bonds; its amino-acid composition 
is fairly well established (Brand, 1946; Fromageot, 
1950); while considerable studies have been made 
on the digestion products (Sanger & Tuppy, 1951; 
Stephen, 1951). 

If we omit the 40% of the phenolic groups in 
ribonuclease which dissociate only upon denatura- 
tion, the apparent pK of the remaining groups is 
10-4. (This value is obtained from Figs. 4 or 5, 
graphically or by calculation equally well at 2600 as 
between 2800 and 3100 A.) Crammer & Neuberger 
(1943) obtained a pK of about 11 for the phenolic 
groups in insulin (actually 10-8 from the curve in 
Fig. 5 of this paper, based on their measurements) 
and ascribed this higher value (as compared to 
10-05 for free tyrosine) to the increasing net charge 
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of the molecule with increasing pH. It should, 
however, be noted that, from titrimetric measure- 
ments the phenolic pK of leucyltyrosine is 10-2; 
that of tyrosyleysteine 10-5; glycyltyrosine 10-4 
and tyrosylarginine 9-6 (Cohn & Edsall, 1943). 'The 
values for leucyltyrosine and tyrosyleysteine have 
been confirmed spectrophotometrically by Froma- 
geot & Schnek (1950). It is not at all unlikely that, 
in tripeptides containing the tyrosine in the middle, 
the variation of the phenolic pK from that of free 
tyrosine may be even more accentuated, so that the 
phenolic pK values observed in proteins may be 
related principally to the nature of the amino-acids 
to which the tyrosine residues are directly bound. In 
so far as ribonuclease is concerned, the pK value of 
10-4 for the ‘free’ phenolic groups can hardly be 
considered anomalous. An examination of the data 
of Table 5 of the paper by Crammer & Neuberger 
(1943) for insulin suggests, indeed, the presence of at 
least two sets of phenol groups, one of which dis- 
sociates much more readily than the other, as would 
be expected from the above considerations if the 
tyrosine residues were linked to more than one 
other type of amino-acid. The same result may be 
deduced from the form of the dotted curve of Fig. 5 
of this paper. 

With regard to those phenolic groups not free to 
dissociate prior to denaturation, the situation is 
somewhat analogous to that for egg albumin, where 
very few of these groups are able to ionize below 
pH 13 (Crammer & Neuberger, 1943), a result con- 
firmed titrimetrically by Cannan, Kibrick & Palmer 
(1941). It is difficult to visualize an explanation for 
this phenomenon other than that advanced by 
Crammer & Neuberger (1943), namely, some type of 
hydrogen bonding of the phenolic groups. However, 
their suggestion that it is these bonds which tend to 
endow the native protein with a certain degree of 
stability is in contradiction with the observed facts 
for ribonuclease which has fewer ‘bound’ phenolic 
groups, but which is so much more resistant to heat 
denaturation than is egg albumin. 

Crammer & Neuberger also report (1943) that 
denaturation of egg albumin, as measured spectro- 
photometrically, is instantaneous at pH 13. While 
this may very well be true, they did not employ 
a spectrophotometer and were obliged to use a 
spectrographic technique which is not as readily 
amenable to the rapid study of spectral changes. In 
so far as ribonuclease is concerned, it appears that 
the alkaline denaturation (or inactivation) may be 
followed quantitatively by the above procedure. 
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The finding that digestion at pH 2 does liberate 
some of the ‘bound’ phenolic groups is similar to the 
situation prevailing for bovine serum albumin 
(Sizer & Peacock, 1947), a protein which also con- 
tains an appreciable percentage of ‘bound’ phenolic 
groups. Further confirmation for the existence of 
these bound groups is forthcoming from the work of 
Sizer (1946, 1947), who showed that the tyrosyl 
groups of insulin are more readily attacked by 
tyrosinase than those of serum albumin; more 
recent studies (Haas, Sizer & Loofbourow, 1951) 
suggest some modification of this interpretation. 

The results of Tanford (1950) on human serum 
albumin are rather curious. Spectrophotometric 
measurements show an apparent pK for the phenolic 
OH groups of 11-7, with no signs of dissociation 
below pH 10. From titrimetric data, the phenolic 
pK is calculated to be 9-6. Tanford (1950) discounts 
the validity of his spectrophotometric results 
because of the presence of tryptophan. However, 
the tryptophan content of serum albumin is very 
small compared to its tyrosine content (Haurowitz, 
1950), and its change with pH is much smaller than 
that of tyrosine at wavelengths in the neighbour- 
hood of 3000 A., so that the spectrophotometric 
results look much more convincing than is suggested 
by the author, and suggest the need for a re-exami- 
nation of the titrimetric results. 


SUMMARY 


1. The ultraviolet absorption spectrum of ribo- 
nuclease has been studied over the pH range 
1-13. 

2. The tyrosine content calculated from the 
spectral data corresponds to 7-5 residues per mole- 
cule ribonuclease. 

3. The dissociation of the phenolic groups of 
tyrosine in ribonuclease is shown to correspond to 
the dissociation of the same groups in tyrosine; 
40 % of these groups in the ribonuclease molecule 
are bound and can ionize only after denaturation of 
the molecule; the apparent pK of the remaining 
60 % is 10-4. 

4. Digestion of the enzyme with pepsin accentu- 
ates the resemblance of the ribonuclease spectrum 
to that of tyrosine. 

5. The differences between the ribonuclease and 
tyrosine spectra are accounted for qualitatively 
on the basis of secondary effects resulting from 
peptide linkages. The nature of these effects is 
discussed. 
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Further Observations on the Preparation and Composition 
of the Hyaluronic Acid Complex of Ox Synovial Fluid 


By A. G. OGSTON anp J. E. STANIER 
Department of Biochemistry, University of Oxford 


(Received 22 November 1951) 


Ogston & Stanier (1950) concluded that hyaluronic 
acid occurs in synovial fluid in combination with 
protein. The undegraded state of this complex in 
solution, prepared by ultrafiltration, was judged by 
viscosity measured in an Ostwald viscometer, and 
by sedimentation in the ultracentrifuge. It was not 
possible to account satisfactorily for the composi- 
tion of the complex in terms of the analytical values 
for its components. 

The main object of the present work was to make 
better and more extensive analyses. As a pre- 
liminary, methods of preparation were examined in 
the hope of finding one which would give undegraded 
material more conveniently than by ultrafiltration. 
In this search, a more sensitive test of degradation, 
based on the variation of viscosity with velocity 
gradient, was used. It is concluded that ultra- 
filtration remains the method of choice and im- 
proved analyses of material thus prepared are 
reported. 


The results of this work generally confirm the 
previous conclusions, though altering some of them 
in detail. Nearly the whole weight of complex is 
now accounted for in terms of protein, acetyl- 
glucosamine, glucuronic acid and mineral content. 

In the course of the work, the zero-concentration 
value of the sedimentation constant of the complex 
has been re-determined and the action of hyaluroni- 
dase has been briefly investigated. The values given 
by Ogston & Stanier (195la) for the physical 
dimensions of the particle of complex have been 
adjusted in the light of the new results. 


METHODS 


The methods for collection and storage of synovial fluid, 
preparation of the mucin clot from 1 ml. of fluid and deter- 
mination of dry weight described by Ogston & Stanier (1950) 
were used. 

The ultrafilter residue. This was prepared by the method 
described by Ogston & Stanier (1950), using a sintered-glas 
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‘50n 3’ filter of average pore diameter about 1 my. (made by 
Baird and Tatlock Ltd.). 100-200 ml. of synovial fluid were 
used on each filter and the loss of hyaluronic acid through the 
filter was small. 

Glucosamine. This was estimated by the method of 
Johnston, Ogston & Stanier (1951). 

Glucuronic acid. This was estimated by the method of 
Ogston & Stanier (19516). It has been found that protein 
makes a very small contribution to the CO, evolved during 
the glucuronic acid determination (1 mg. protein = 0-023 ml. 
0-01 N-HCl) and the results have been corrected accordingly. 

Total nitrogen. This was estimated by micro-Kjeldahl, 
using selenium catalyst and 7-8 hr. digestion; a Markham 
(1942) apparatus was used for distillation. 

Ash. This was determined on samples of hyaluronic acid 
complex, first dried to constant weight at 105° and then 
ignited at 550°. 

pH. This was determined using an electrode of Corning 
015 glass and an AgCl reference electrode in 0-1 M-KCl, with 
a liquid junction, phthalate and borate buffers (Cecil, 1951) 
being used to calibrate. 

Ions. Na and Ca were determined by flame photometry 
(Leyton, 1951) in material which had been ignited at 550- 
600°, dissolved in HCl and centrifuged. 

Paper chromatography. For amino-acids this was carried 
out by the methods of Williams & Kirby (1948) and Consden, 
Gordon & Martin (1944). For carbohydrates irrigation with 
40 % n-butanol-10 % ethanol-50 % water (v/v) on Whatman 
no. | filter paper and development with aniline hydrogen 
phthalate was employed. 

Ultraviolet absorption. This was measured in 0-1 n-NaOH 
using a Beckman spectrophotometer or a Hilger ‘ Uvispek’ 
spectrophotometer. 

Refractive increment. This was measured in the refracto- 
meter described by Cecil & Ogston (1951). 

Viscosity. This was measured at 25° either in an Ostwald 
or Couette viscometer, as described by Ogston & Stanier 
(1950). 

Ultracentrifuge. A Svedberg oil-turbine ultracentrifuge 
with a Philpot (1938) optical system was used. The pro- 
cedure of running, and methods of calculating sedimentation 
constants and estimating the quantities of components were 
as described by Cecil & Ogston (1948). 

Electrophoresis, A Hilger Tiselius-type apparatus with a 
Philpot (1938) optical system was used. 

Standard buffer. This contained 0-2m-NaCl, 0-0077m- 
Na,HPO, and 0-0023 m-KH,PO, (pH 7-3), and was used for 
all measurements of refractive increment, viscosity, sedi- 
mentation and electrophoresis. 


RESULTS 


Anomalous viscosity as a criterion of degradation 


Ogston & Stanier (1951 a) showed that the variation 
of viscosity with velocity gradient and concentra- 
tion can be represented by a plot of 


log {(tra.— 1)/$} 
against ¢, where ¢ is the concentration expressed 
as volume fraction of unsolvated hyaluronic acid 
complex (Fig. 1). This method of plotting was 
suggested by Dr J. P. Johnston. An index of the 
degree of variation of viscosity with velocity gradient 
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is given by the difference A between the values of 
log {(7,«1, — 1)/¢} extrapolated to zero and to infinite 
velocity gradient at a stated value of ¢. Table 1 
shows: (i) that values of A are reasonably constant 
for native fluids, (ii) that a marked fall of A of 
derived material may occur without a corresponding 
change of viscosity measured in an Ostwald vis- 
cometer or of intrinsic viscosity (6=0). A thus 
appears to be a more sensitive test of degradation 
than those previously used. Fig. 1 shows examples 
of the behaviour of an undegraded (a) and a de- 
graded (b) material. 


Velocity gradient 


48 0 (sec) 
46 ” 
8-3 
44 
25 
42 50 
S40 
si j 
& 38 
vo 4-4 
° 
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0 1 2 > & 5 6 7 
Volume fraction of hyaluronic acid complex, X10* 
Fig. 1. Variation of log {(7;¢), — 1)/¢} with volume fraction 
¢ at different velocity gradients. (a) synovial fluid; 
(6) hyaluronic acid complex precipitated by ethanol. 


Methods of preparation 


Mucin. Ogston & Stanier (1950) found that a 
single precipitation of hyaluronic acid as mucin 
might not greatly affect the Ostwald viscosity. It 
now appears (Table 1) that even a single precipita- 
tion produces a large lowering of A. Therefore no 
method of preparation which involves precipitation 
of mucin is satisfactory. 

Precipitation with ethanol. Ropes, Robertson, 
Rossmeisl, Peabody & Bauer (1947) used precipita- 
tion with ethanol in alkaline solution at — 20° to 
prepare hyaluronic acid free of protein after a 
preliminary precipitation of mucin; Ogston & 
Stanier (1950) concluded that this method would 
give an undegraded product, provided that the 
protein content was not reduced too much. Since 











Vol. 52 


the mucin precipitation is undesirable, we have now 
used a preliminary concentration of synovial fluid, 
and partial removal of protein, on a glass filter; this 
starting material showed a value of A equal to that 
of the original fluid. Precipitation with ethanol at 
— 20° was then carried out, both on the material 
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maintain good hyaluronic acid boundaries in a small 
electrophoresis cell, though their behaviour in the 
150 ml. cell was better. Experiments were carried 
out because of the claim by Blix (1940) to have 
separated from synovial mucin by this method 
hyaluronic acid containing only 10 % of protein. 


Table 1. Values of log {(n,.,— 1)/¢} for all products 


(All measurements at 25° except Couette measurements on fluid 29K (19°.) 


¢=7 x 10-4 ml./ml. 
AN 








cS; \ 
Couette: velocity ¢=0 
gradient G sec.-! Couette: 
oS — (all velocity 
Material No. Treatment 0 00 A Ostwald gradients) 
Fluid 29K — 4-67 3-87 0-80 3-74 3-94 
364A — 4-97 4-21 0-76 3-85 3-89 
37A — 4-97 4-06 0-91 3-90 4-00 
53 — 4-65 3-92 0-73 — — 
54 — 4-86 4-00 0-86 — — 
55 — 4-80 3-99 0-81 — _ 
Mucin 26K One pptn. 4-09 3-69 0-40 -- 3-65 
28A One pptn. 3-97 3-66 0-31 3-41 3°55 
35K One pptn. 4-21 3°88 0-33 3°73 3-54 
Hyaluronic acid 38-40 Three pptn. from 4-49 4-10 0-39 4-02 3°72 
complex ppted. by twice ppted. mucin 
ethanol 50 One pptn. from 4-67 4-08 0-59 3-92 3-99 
alkaline conc. 
fluid 
51 One pptn. from 4-34 3-83 0-51 3-60 3-65 
neutral cone. fluid 
Hyaluronic acid 33 32 washings: 4-36 3-96 0-40 3°85 — 
complex prepared no toluene 
by ultrafiltration 35K 55 washings: 4-42 4-03 0-39 3°87 3-74 
no toluene 
55 Toluene: three 4-75 3-95 0-80 — — 
washings 
Eight washings 4-87 3-98 0-89 = _— 
16 washings 4-88 4-03 0-85 -= — 
28 washings 4-76 4-03 0-73 _— — 
39 washings 4:57 4-01 0-56 — — 


dissolved in water, and after making it alkaline 
with NaOH as in the method of Ropes eé¢ al. (1947). 
The protein content was reduced by both pro- 
cedures, though more so with alkali. Both products 
had a normal Ostwald viscosity, but a reduced A, 
showing some degree of degradation, though not so 
much as is produced by precipitation as mucin 
(Table 1). Ethanol precipitation after precipitation 
of mucin causes no further lowering of A (Table 1). 
The lowering of A is not caused merely by the 
removal of free protein in this method, since adding 
synovial fluid protein to a sample made by ethanol 
precipitation caused no increase in the value of A. 
It seems, therefore, that the process of precipitation 
with ethanol causes degradation. 

Electrophoresis. The use of electrophoresis as a 
preparative method was not considered seriously, 
since it seemed likely to be more trouble and to give 
lower yields than ultrafiltration. The high viscosity 
of solutions of hyaluronic acid made it impossible to 


A sample of mucin made on the larger scale 
(Ogston & Stanier, 1950) was run in the 10 ml. cell. 
The boundaries due to free protein were measured, 
and their contribution to the total refractive in- 
crement was compared with that of total protein, 
taken as 78 % of mucin. The free protein was less 
by 12 % than the total protein, and this means that 
25 % of the hyaluronic acid complex is protein. The 
amount of albumin was estimated from the photo- 
graphs to be 80-93 % of the total free protein. In the 
ultracentrifuge (Ogston & Stanier, 1950) only one 
free component was visible, sedimenting at the rate 
of serum albumin. 

A second experiment was carried out inthe 150ml. 
cell with synovial fluid which had been concentrated 
on a glass filter. After running for a suitable time, 
four samples were removed by pipette from different 
levels of the upper section and two from the lower 
section of the anode limb. These were analysed for 


total nitrogen and glucosamine (Table 2). The 
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lowest value for the ratio of total nitrogen to glucos- 
amine indicates a higher proportion of protein than 
is found in the best ultrafilter products (Table 3). 
All the samples showed normal Ostwald viscosity. 


Table 2. Composition of fractions taken from 
anode side of Tiselius apparatus 


Glucos- Total 
Total N amine N/glucos- 

Fraction (mg./ml.) (mg./ml.) amine 
Top 1 0-113 0-226 0-50 
section 2 0-055 0-123 0-45 
3 0-077 0-210 0-37 
4 0-045 0-159 0-28 
Second 5 0-596 0-225 2-65 
section 6 0-704 0-216 3-26 


Ultrafiltration. Although it had been shown by 
the earlier criteria that ultrafiltration produces un- 
degraded material, it was now necessary to find out 
whether this material has the full degree of ano- 
malous viscosity possessed by synovial fluid. Two 
samples, which had been judged to be undegraded 
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E,9s—330mu, at 1 mg./ml. glucosamine 
—_ 
oa 


0 
123 8 16 28 39 
No. of filtrations 


Course of removal of free protein from synovial 
fluid by successive filtrations and washings. 


Fig. 2. 


by the earlier criteria, were found to have a lowered 
value of A (Table 1). This question was therefore 
investigated. Pooled fluid 55 was washed as usual, 
except that the saline and water used in washing 
were saturated with toluene. Samples taken at 
different stages of washing were dialysed and their 
viscosities were measured in the Couette viscometer. 
Their concentrations were estimated after dialysis 
on the basis of their glucosamine contents, these 
being converted to volume fraction of hyaluronic 


Table 3. 
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acid (see below). The results (Table 1) show that 
there was no degradation after 16 filtrations, possibly 
slight degradation after 28 filtrations and definite 
degradation after 39. 

An approximate measure of the removal of the 
free protein by filtration was obtained from the 
values for the differences in extinction measured at 
285 and at 330 mu. (Fig. 2). This showed that the 
first three filtrations had removed some 90 % of the 
total protein of synovial fluid. Fig. 2 and the values 
of the ratio of total N to glucosamine (Table 3) show 
that further filtration removes protein at a very slow 
rate. However, arise of the N/glucosamine ratio has 
occurred after 39 filtrations. 

It seems, therefore, that ultrafiltration brings the 
protein content down to a fairly stable low value and 
that between 16 and 28 filtrations can be performed 
without any sign of degradation appearing by any 
of the criteria available. 


Composition of the hyaluronic acid complex 
made by ultrafiltration 

The material prepared by 16 filtrations (samples 
16W and 16D) was subjected to more complete 
analysis, with a view to resolving the discrepancies 
noted by Ogston & Stanier (1950). Dialysed 
samples made by 28 and 39 filtrations (28D and 
39D) were less completely analysed (‘Table 4). 

Sample 16W was in solution in water; it was 
centrifuged at 5000 g to remove a small amount of 
solid matter. 16D was made by dialysing a sample 
of 16W against buffer. During this dialysis, a further 
small amount of solid separated and was removed by 
centrifuging. The N/glucosamine and dry weight/ 
glucosamine ratios (Table 4) of 16D are less than 
those of 16W. These changes would be accounted for 
if the solid which separates on dialysis were protein. 
This was found to be the case when the N and glucos- 
amine contents of another sample of hyaluronic 
acid complex were measured before and after dia- 
lysing against buffer and centrifuging: in this case, 
the N content showed a similar lowering while the 
glucosamine content was unchanged. 

The molar ratio of glucuronic acid to glucosamine 
of 16W is 1-34. This ratio was determined on several 
other samples (Table 5), the ratio being in all cases 
well above 1-0. The ash content of 16W agreed well 
with a determination on another sample. 

Although the composition of sample 28D 
(dialysed and centrifuged) differs little from that of 


Progress of removal of protein N by ultrafiltration 


Sample ... es 3D 8D 16D 28D 39D 
No. of filtrations 3 8 16 28 39 
Glucosamine (mg./ml.) 0-255 0-248 0-256 0-282 - 0-249 
Total N (mg./ml.) 0-086 0-077 0-067 0-065 0-076 
Total N/glucosamine 0-34 0-31 0-26 0-23 0-30 
Mucin (mg./ml.) 2-26 2-26 a= — = 
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Table 4. Analysis of hyaluronic acid complex made by ultrafiltration 


Sample a pias 16W 16D 28D 39D 

Dry wt. (mg./ml.) 1-28 1-09* 1-11* 1-04* 
Glucosamine (mg./ml.) 0-280 0-256 0-282 0-249 
Glucuronic acid (mg./ml.) 0-405 — a -— 
Ash (mg./ml.) 0-077 — — —_ 
Nat (yequiv./ml.) 0-70 -- — — 
Ca** (wequiv./ml.) 0-24 -— — -- 
pH 6-1 —_— — — 
Refractive increment x 105° 19-2 16-4 16-6 15-6 
Total N (mg./ml.) 0-090 0-067 0-065 0-076 
Protein N (mg./ml.) 0-068 0-047 0-043 0-057 

(Total N — glucosamine N) 
Protein (mg./ml.) (protein N x 6-45) 0-44 0-30 0-28 0-37 
Hyaluronic acid (mg./ml.) 0-84 0-79 0-83 0-67 

(dry wt.-protein) 
Total N/glucosamine 0-32 0-26 0-23 0-30 

Dry wt./glucosamine 4-6 4-2 3°9 4-2 
Glucosamine % of hyaluronic acid 33 32 34 37 
Protein % of dry wt. 34 28 25 36 


* From refractive increment. 


Table 5. Glucuronic acid : glucosamine ratios in hyaluronic acid complex produced 
by ethanol precipitation and by ultrafiltration 


Glucuronic Molar ratio 


Protein Glucosamine acid glucuronic 
Sample (%) (%) (%) acid : glucosamine 
One precipitation from ethanol 69 5-5 7-2 1-20 
Several precipitations from ethanol 18 26 35 1-24 
Ultrafiltration residue 34 23 32 1-28 
Ultrafiltration residue (16W) 34 22 32 1-34 


16D, sample 39D shows distinct changes of the 
N/glucosamine ratio and N content on a dry weight 
basis (Table 4). 


Table 6. Composition of hyaluronic acid complex 


g./100 g. 
Component of complex 

Glucosamine (24-8) 
Acetylglucosamine 30-6 
Glucuronic acid 35-9 
Protein 25-7 
Ash 6-8 

99-0 
Less 1 mole water/mole glucosamine 2-5 
Less 1 mole water/mole glucuronic acid 33 

93-2 


Since all the physical measurements reported by 
Ogston & Stanier (1950, 195la@) were made on 
dialysed and centrifuged material, it is the composi- 
tion of this material (i.e. of 16D rather than 16W) 
which is of chief interest. However, since the dry 


weight determined directly is probably more 


accurate than that determined from the refractive 
increment, and since only the latter is available for 
dialysed samples, the composition on a dry weight 
basis given in Table 6 is for 16W, after subtraction 
of the weight of protein (assumed 15-5% N) 
removed following dialysis. This gives the most 


accurate estimate of the composition of dialysed 
material. 
Composition of mucin 


Mucin clots were made from 1 ml. of solution of 
ultrafilter residue to which synovial fluid protein 
had been added, by the method used for synovial 
fluid. Their dry weights were determined in dupli- 
cate and agreed within 2%. It was confirmed that 
further washing of the clots produced no loss of 
weight. 

According to these results (Table 3), glucosamine 
forms 11-2 % of mucin; from this and from the pro- 
portion of glucosamine in hyaluronic acid complex 
(Table 6), hyaluronic acid complex is found to form 
45 % of mucin. These values are higher than those 
given by Ogston & Stanier (1950), which were based 
on analysis of mucin made on a larger scale. Since 
Ogston & Stanier (1951a) assumed that hyaluronic 
acid complex forms only 32% of mucin (based on 
their previous work) their values for the physical 
constants of the complex require emendation (see 
below). 

Chromatographic analysis 


A two-dimensional chromatographic analysis for 
amino-acids was performed on a sample of hyal- 
uronic acid and, in a parallel experiment, on a 
sample of serum albumin. No marked difference 
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between the chromatograms could be observed. 
This suggests that the protein in the complex has the 
usual N content (15-5 %). 

Attempts were made to detect the presence of any 
carbohydrate component other than glucosamine 
and glucuronic acid, following treatment with 
aqueous or methanolic hydrochloric acid, and paper 
chromatography; the results of these experiments 
were entirely negative. 


Treatment with hyaluronidase 


A few experiments were made on the action of a 
crude preparation of rat-testis hyaluronidase, in the 
hope that this might lead to a method for isolating 
the protein part of the hyaluronic acid complex 
following depolymerization of the hyaluronic acid. 
The action of the enzyme was followed by measuring 
the viscosity of a portion of the enzyme-containing 
solution, which contained about 1mg./ml. of 
hyaluronic acid. The relative viscosity fell from 
20-6 to 1-75 after 24 hr. and to 1-51 after 48 hr. At 
these times samples were examined in the ultra- 
centrifuge. In each case a single diffuse boundary 
was observed. These boundaries had sedimentation 
constants 2-07 and 1-97 x 10-1* (confirming Hahn, 
1947) and represented respectively 83 and 58 % of 
the original refracting material. Since the protein 
in the original samples represented only 30 % of the 
refracting material, it is clear that the boundaries 
must still have contained a large amount of carbo- 
hydrate material, and that the hyaluronic acid was 
only partially depolymerized (see Discussion). The 
attempt to separate the protein in this way was 
abandoned. 

During the treatment with hyaluronidase, the 
separation of a small amount of a granular precipi- 
tate was noticed. Treatment of a sample of hyal- 
uronic acid complex with Benger’s ‘Hyalase’ also 
led to the precipitation of about 7% of the weight 
of dissolved material. This caused no detectable 
change of the N/glucosamine ratio. The *Hyalase’ 
was found to be without detectable proteolytic 


activity. 
Sedimentation of purified hyaluronic acid complex 


The values of the sedimentation constant at zero 
concentration and of its variation with concentra- 
tion used by Ogston & Stanier (195la) were ob- 
tained with dilutions of synovial fluid dialysed 
against buffer. Dr J. P. Johnston (personal com- 
munication) has observed that free protein may 
modify the rate of sedimentation of the complex. 
The opportunity was, therefore, taken to study the 
sedimentation of sample 16D over a wide range of 
concentration (Fig. 3). No sign of free protein could 
be observed. The boundary of hyaluronic acid 
remained as sharp as in synovial fluid at the same 
concentrations. The rates of sedimentation at lower 
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concentrations were close to those observed with 
synovial fluid; at higher concentrations, the sedi- 
mentation constants in synovial fluid were some- 
what lower (Fig. 3) and this agrees with the findings 
of Johnston. 


10-"/S. (corr.) 
oe ¢ 
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Volume fraction of hyaluronic acid complex, x10‘ 

Fig. 3. Variation of sedimentation constant with volume 
fraction of hyaluronic acid complex. - - -@- - -, synovial 
fluid (Ogston & Stanier, 1950); —@—, ultrafiltration 
residue 16D. 


DISCUSSION 


The use of the variation of viscosity with velocity 
gradient as a criterion has confirmed the conclusion 
of Ogston & Stanier (1950) that ultrafiltration does 
not lead to degradation of the hyaluronic acid com- 
plex, whereas its precipitation by acid (as mucin) or 
by ethanol does cause degradation. The persistent 
presence of a proportion of protein in the complex is 
confirmed, though the amount of this protein is less 
than was estimated by Ogston & Stanier (1950). This 
difference was due to their analysing the solution 
in water, produced by ultrafiltration, whereas on 
dialysis against buffer a constant fraction of the 
protein separates as a precipitate. It is likely that 
this is denatured protein held in suspension, which 
separates when the viscosity is lowered by buffer. 
We have found that electrophoresis does not re- 
move more protein than does ultrafiltration, whether 
the starting material is synovial fluid or mucin; this 
is contrary to the finding of Blix (1940). 
Composition of the hyaluronic acid complex. Of 
the weight of the complex 93% can now be 
accounted for in terms of acetylglucosamine, glu- 
curonic acid, protein and ash (Table 6). The following 
points deserve mention: (i) the molar ratio of 
glucuronic acid to glucosamine in the complex is 
markedly greater than the value of 1-0 claimed by 
Meyer, Smyth & Dawson (1939); (ii) it is assumed 
that the carbohydrate components are joined by 
anhydride links, so that the weight of 1 mole of 
water has been subtracted for each mole of glucos- 
amine and of glucuronic acid; (iii) the assumption 
that the protein contains near to 15:5%N is 
confirmed by chromatographic comparison of its 
amino-acid composition with serum albumin; 
(iv) the complex yields some 7% of ash: Na* and 
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Ca** together account for 1-8 % of the dry weight 
or 0:83 m-equiv./g. dry weight compared with 
1-85 m-equiv. of glucuronic acid. 

The change of composition which is associated 
with the onset of degradation observed in sample 
39D is not in line with the observation of Ogston & 
Stanier (1950), who concluded that lowered N content 
is associated with degradation. Here the proportion 
of N to glucosamine, and of N to dry weight, have 
increased. Such changes could be due to microbial 
action. 

Ionic composition and pH. Comparison of the 
amount of metallic ions with that of carboxyl 
groups suggests that less than half of the carboxyl 
groups are ionized. Since the pK of glucuronic acid 
is about 3-5 (using the value found by Karrer & 
Schwarzenbach, 1934, for galacturonic acid), and 
since the pH of the solution is 6-1, nearly complete 
ionization might be expected. However, Kat- 
chalsky (1951) has shown that the pH of a solution 
of half-ionized polymethacrylic acid may be several 
units higher than the pK of the monomer, owing to 
the interaction of the charged groups. In accordance 
with the observations of Katchalsky & Spitnik 
(1947) on polymethacrylic acid, the pH of a solution 
of hyaluronic acid complex was found to fall 
markedly when neutral salt was added. 

The composition of mucin. This is not in itself of 
any importance since no such complex appears to 
exist in synovial fluid and since its separation is not 
a desirable stage in the preparation of undegraded 
hyaluronic acid. Nevertheless, the estimation of 
mucin is a useful method for measuring the amount 
of hyaluronic acid in the presence of protein and has 
been much used for this purpose. It is important to 
realize, therefore, that its composition may depend 
on the method of preparation. Small clots made on 
glass rods and thoroughly washed appear to have a 
constant composition: this differs from the com- 
position of mucin made on a larger scale, probably 
through the presence in the latter of entrained 
protein. 

The action of hyaluronidase. Treatment, even for 
a long period, leaves a considerable proportion of 
the hyaluronic acid in a state in which its sedimenta- 
tion is observable in the ultracentrifuge. Hahn 
(1947) has investigated the sedimentation of such 
material over a range of concentrations. The 
sedimentation constant at higher concentration 
differs little from that of undegraded hyaluronic acid 
complex; the variation with concentration is much 
less. The data available (Sj) at zero concentration, 
taken as 2-0 x 10-8 and the variation of 1/S with 
concentration (Fessler & Ogston, 1951), taken as 
0-49 x 1013, both from Hahn’s data; and the 


intrinsic viscosity (7,.,—1)¢=5-9 x 10® from our 
results) enable estimates to be made of the mole- 
cular dimensions of the degraded material, using the 
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procedure of Ogston & Stanier (1951a). The results 
are: M=107000; effective volume=5-5 ml./g.; 
axial ratio=30. These results will apply to the 
average of the more highly polymerized part of a 
polydisperse mixture, since this part will make the 
greatest contribution to the viscosity and to the 
observed average sedimentation. They are con- 
sistent with the production, by hyaluronidase, of 
shorter chain units from a very large chain-polymer: 
the average unit has about 1/100 of the weight of the 
original polymer and would be expected to have a 
much lower degree of solvation (or entrainment of 
solvent) and a larger axial ratio. 

Physical properties. Ogston & Stanier (1951a) 
assumed that hyaluronic acid complex constitutes 
32 % of the weight of mucin, in calculating the in- 
trinsic viscosity of the complex. The analyses 
reported here show that hyaluronic acid forms 45 % 
of mucin. It appears from Table 1 that the value of 
log {(7,2,— 1)/¢} at 6=0 should be between 3-9 and 
4-0, instead of the value of 3-8 taken by Ogston & 
Stanier (195la); this would have the effect of in- 
creasing the values of V’ given in their Table 3 by 
a factor of 1-4. The value of the sedimentation 
constant, extrapolated to zero concentration is 14-7 
instead of 13-2 x 10-1*. This change, together with 
that of the values of V’, will increase the values of 
M by a factor of 1-45, the values of a by 1-26 and of 
a by 2-0. The calculated values of x° and of A° are 
little affected. The new experimental value of 
d (1/S)/dc is 3-3, instead of 3-9 x 10-*. None of these 
changes significantly affects the conclusions already 
drawn. 

General conclusions. We briefly summarize our 
conclusions about the composition and properties of 
the hyaluronic acid of ox synovial] fluid: (i) The 
hyaluronic acid occurs in the form of a complex 
containing 25% of protein; the carbohydrate part 
of the complex consists mainly, perhaps entirely, of 
acetyl hexosamine and uronic acid (glucosamine and 
glucuronic acid, according to Meyer et al. (1939)). 
The molar ratio of hexuronic acid to hexosamine is 
1-25-1-35. (ii) The complex is very easily degraded 
and only the mildest methods of separation (ultra- 
filtration and probably electrophoresis) preserve its 
native properties. (iii) The particle weight is about 
10’: the dynamic properties of solutions of the 
complex show that the particles are nearly spherical 
and are very highly hydrated. These properties are 
consistent with the view that the complex is, 
essentially, a flexible chain-polymer. 


SUMMARY 


1. Methods of separating hyaluronic acid from 
ox synovial fluid have been re-investigated, using 
the variation of viscosity with velocity gradient as 
a criterion of degradation. Precipitation as mucin 
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and precipitation by ethanol cause degradation, 
while ultrafiltration does not. 

2. The course of purification by ultrafiltra- 
tion has been followed. It has been confirmed 
that the protein content of the complex is re- 
duced to a limiting value of 25%. Electrophoresis 
is shown not to give products of lower protein 
content. 

3. Analysis of the product of ultrafiltration shows 
that 93% of its weight is accounted for by acetyl 
hexosamine, hexuronic acid, protein and ash. The 
protein content of the complex is found to be lower 
than was previously reported. 

4. A revised value is given for the composition of 
mucin, prepared on a small scale. 

5. Degradation by hyaluronidase has been shown 
to leave a considerable fraction of the material in 
a polymerized state (molecular weight of the order 
of 105). 
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6. The ultracentrifugal sedimentation of purified 
hyaluronic acid complex has been re-investigated. 

7. Slight modifications of the values of physical 
quantities are given, based on the revised analytical 
values and sedimentation constant. 

8. Our conclusions about the composition and 
molecular configuration of the hyaluronic acid 
complex are summarized. 
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This paper describes a procedure for the quantitative 
separation by paper chromatography of adenosine- 
triphosphate (ATP), adenosinediphosphate (ADP), 
adenosinemonophosphate (AMP) inorganic 
orthophosphate. The technique is a development of 
those of Hanes & Isherwood (1949) which are 
satisfactory for many purposes, but are inadequate 
for the complete separation of ADP and inorganic 


and 





phosphate. The formic acid isopropyl ether solvent 
of Hanes & Isherwood separates satisfactorily the 
three adenosine phosphates from inorganic phos- 
phate and the isopropanol ammonia _ solvent 
separates ATP from ADP, AMP and inorganic 
phosphate. The imperfect separation of ADP and 
inorganic phosphate is especially evident when the 
mixture of phosphates contains KH,?PO,. The 
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latter can be detected by radioactivity when 
chemical methods are not sufficiently sensitive. 
Attempts to remove inorganic orthophosphate by 
precipitation as the magnesium ammonium salt 
lead to appreciable and variable losses of ATP and 
ADP by adsorption on to the precipitate. 

Satisfactory separation of adenosine phosphates 
from other phosphates is achieved by a procedure 
which might be described as a ‘two-solvents one- 
dimensional chromatography’. Two different sol- 
vents are used successively to develop the material 
in the same direction, the first ascending and the 
second descending on the reversed strip. This 
technique has the advantage over two-dimensional 
paper chromatography (of which it is a modification) 
that smaller pieces of paper are required and that a 
greater number can therefore be handled simul- 
taneously. A further point is the greater compact- 
ness of the developed spots. 

The method has been applied to the measurement 
of the purity of adenosine phosphate preparations 
and of the equilibrium in the myokinase system. 


EXPERIMENTAL 


Methods 


ATP and ADP. Samples of ATP and ADP prepared from 
rabbit muscle (see LePage, 1949) and various commercial 
preparations were used. The barium compounds were dis- 
solved in dilute HCl and barium was precipitated with the 
calculated quantity of Na,SO,. After removal of the pre- 
cipitate by centrifugation the solutions were neutralized 
with NaOH. About 15-20% of the ATP was lost by 
adsorption on BaSO, (see Bailey, 1949). Calcium salts were 
treated similarly, sodium oxalate replacing sulphate. 

Preparation of filter papers. Spots were more compact, 
and less ‘trailing’ occurred after treatment of the paper with 
ethylenediaminetetraacetic acid (which is expected to re- 
move traces of metal impurities, see Walker & Warren, 1951). 
Whatman no. 1 papers, 45 x 19cm., were immersed for 
30 min., ten at atime, in a Perspex trough (22 x 60 x 5-5em.) 
in 21. 0-2% ethylenediaminetetraacetic acid, neutralized 
with NaOH to about pH 8-5. The trough was gently rocked 
at intervals. This was followed by six immersions, of 10 min. 
each, in 2]. distilled water. The papers were then dried in 
a current of hot air. 

An ‘ Agla’ micrometer syringe (Burroughs Wellcome and 
Co.) was used to place 5yl. (0-005 pl.) quantities of the 
solution to be analysed, 4 cm. apart, on a line 8 cm. from one 
end of the paper. The spots were dried in a current of warm 
air from a hair dryer, care being taken to avoid a rise in 
temperature at the paper surface above 30°. Up to four 
additional 5 ul. quantities of the solution were added to the 
dry spot if necessary in order to accumulate 3-10 ug. P. The 
dry papers were bent at right angles along a line 6 cm. from 
the end, i.e. 2 cm. from the line of spots, and the other end 
of the paper was bent at right angles 2 cm. from the end. The 
6cm. margin was required for the second stage of the 
chromatography. 

Preparation of biological material. Tissue extracts or 
suspensions were deproteinized at 0° by the addition of 


0-1 vol. 30% (w/v) trichloroacetic acid and centrifuged at 
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2-4°. There were no changes in the ADP or ATP content of 
the supernatant solution after several weeks’ storage at 
- 14°. It was found to be unnecessary to neutralize these 
solutions for chromatography. 

Chromatography. Chromatography was carried out in 
glass tanks of 40 cm. height and a base area of 30 x 22 cm., 
fitted with a plate-glass lid. (These are manufactured as jars 
for stationary accumulators and are available from Oldham 
and Son Ltd., Derbyshire House, St Chad’s Street, London, 
W.C. 1.) Those used for descending chromatography were 
equipped with a glass-rod framework supporting two three- 
quarter cylindrical glass troughs, about 28 cm. long and 
capable of holding about 70-80 ml. solvent. A glass rod in 
the trough held the papers down in the solvent. 

Two solvents recommended by Hanes & Isherwood (1949), 
one slightly modified by the addition of ethylenediamine- 
tetraacetic acid, were used: (1) acid solvent consisting of 
90 m?. isopropyl ether and 60 ml. 90% (v/v) formic acid; 
(2) alkaline solvent consisting of 240 ml. n-propanol, 120 ml. 
ammonia (sp.gr. 0-880) and 40 ml. 0-002 m-ethylenediamine- 
tetraacetic acid. 

The papers were fastened to the plate-glass lid with a strip 
of adhesive cellulose tape and were allowed to hang in the 
tank containing a 1-2 cm. layer of the acid solvent, the line 
of spots being within 2-3 cm. of the surface of the solvent. 
Up to eight papers could be placed in one jar simultaneously. 
The solvent was allowed to ascend for 3-4 hr. at 22° without 
preliminary equilibration, which proved unnecessary. After 
removal from the tank the papers were dried at room tem- 
perature in a fume cupboard by a current of air. The dried 
papers were serrated with scissors at the upper end and were 
placed in the reversed position into tanks fitted for descend- 
ing chromatography. A shallow jayer of the alkaline solvent 
was placed in the bottom of the tank and about 75 ml. into 
the trough. Four papers could be run simultaneously. The 
solvent was allowed to descend for 27-30 hr. at 28°. Pre- 
liminary equilibration proved again unnecessary. At the 
end of the run the papers were dried in a current of warm air. 

Location of spots. Purines and pyrimidines were located by 
ultraviolet photography according to Markham & Smith 
(1949). Phosphate compounds were located by spraying 
with the molybdate reagents of Hanes & Isherwood (1949), 
followed by heating for 7 min. at 85° and exposure to H,S. 

Chemical analyses. For the quantitative determination 
of Pan area of the filter paper containing the spots (4-10 
sq.cm.) was cut out and wet ashed with 0-5 ml. of a mixture 
of H,SO, (3 vol.) and HCIO,, sp.gr. 1-54 (2 vol.). P was 
determined in the ashed material by the method of Beren- 
blum & Chain (1938) and colour intensities were measured in 
a Beckman spectrophotometer at 750mp. Some com- 
mercial samples of isobutanol required for the extraction 
were found to contain aldehydes and these were found to 
modify the colour from blue to greenish blue. isoButanol 
was purified by shaking it with a solution of 2:4-dinitro- 
phenylhydrazine in 10 % (w/v) H,SO, and distilling through 
a fractionating column. Paper blanks gave values of 
0-01-0-04 ng. P/sq.cm. The lower limits of the visual de- 
tection of molybdate-sprayed spots were of the order of 
0-07 pg. P/sq.cm. The ultraviolet technique for the detection 
of purines was more sensitive, the lower limit being 0-25 yg. 
sq.cm. adenylic acid, equivalent to about 0-02 wg. P/sq.cm. 

To confirm the identity of adenosine phosphates deter- 
minations of ribose were made on the spots located in ultra- 
violet light. After elution of the cut-out paper with 4 ml. 
water for 1 hr. at 37° a3 ml. sample was treated with orcinol 
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according to Meijbaum (1939). Paper treated with two 
solvents gave blanks equivalent to 0-3-0-6yg. ‘ribose’/ 
sq.cm. This was higher than the blanks for untreated paper. 

Adenine was not determined. The method of Cohn & 
Carter (1950) is not applicable to paper containing ethylene- 
diaminetetraacetic acid. Paper blanks were carried out in 
ali determinations on a relatively large piece usually about 
15 sq.cm. 

Radioactivity measurements. In some experiments solu- 
tions containing **P were analysed. The radioactivity was 
measured after wet ashing as described above and dilution 
to 10ml. A f-counting tube, liquid type M6 of 20th 
Century Electronics, was used. Small quantities of ortho- 
phosphate contaminating the ADP spot can be detected by 
radioactivity when chemical methods fail. 


Separation of phosphates 

A diagrammatic representation of the chromato- 
graphic behaviour of various physiological phos- 
phates is shown in Fig. 1. Strip @ shows the 
separation of the three adenosine phosphates and 
orthophosphate by the new method. Strip b shows 
the behaviour of five other phosphates under the 
same conditions. It will be seen that the spots of 
3-phosphoglyceric acid, glucose-1-phosphate and 
glucose -6-phosphate, inorganic pyrophosphate, 
fructose-1:6-diphosphate overlap partly with the 
adenosine phosphate spots and these substances 
may therefore interfere with the analysis of adeno- 
sine phosphates. The presence of these interfering 
substances can be detected by the ascending 
chromatogram in the acid solvent as shown on 
strip c. In the experiments reported in this paper 
the interfering substances were not present in 
significant quantities with the exception of pyro- 
phosphate which overlaps with the ADP spot. The 
difficulty arising from the presence of pyrophosphate 
was overcome by separating pyrophosphate with 
the acid solvent, determining its quantity and 
making a correction in the analysis of the combined 
ADP plus pyrophosphate spot. 

When both solvents were applied by the de- 
scending technique separation was incomplete and 
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KH,**PO, was found to trail through the adenosine 
polyphosphate area. 

Constancy and control of temperature is essential 
for satisfactory separation. At lower temperatures 
the development of the chromatogram is delayed. 


Strip b Strip ¢ 


Strip a 





Fig. 1. Diagram of the position of phosphate compounds. 
Strips a and 6, 3 hr. ascending in acid solvent at 22°, 
followed by 27 hr. descending in alkaline solvent at 28°. 
Strip c, 3 hr. in ascending acid solvent at 22°. (1) ATP; 
(2) ADP; (3) AMP; (4) inorganic orthophosphate; 
(5) unknown compound possibly inosine triphosphate 
(contains ribose and phosphate in the proportion of 1:3 
and absorbs in the ultraviolet); (6) inorganic pyrophos- 
phate; (7) glucose-1-phosphate and glucose-6-phosphate; 
(8) 3-phosphoglyceric acid; (9) fructose-1:6-diphosphate. 
Compounds which absorb in the ultraviolet are shaded. 


Table 1. Analysis of ATP and ADP preparations by ‘two-solvent-one-dimensional’ chromatography 


(Technique as described in text; 3-5 pl. of an 0-02m solution of the Na salts were analysed; ‘laboratory’ preparations 


according to LePage, 1949.) 


Distribution of total P in the final solution (% 





Storage where 


Preparation known ATP 
Barium ATP, commercial — 42-5 
ATP, free acid, commercial 5 months at 6° 68-8 
Barium ATP, laboratory 8 months at -14° 86-0 
Calcium ATP, commercial 2 weeks at 6° 32-6 
ATP solution, commercial — 30-1 
Barium ATP, commercial — 72-0 
Barium ADP, laboratory None 27-2 
Barium ADP, labroatory None 48-0 
Barium ADP, laboratory None 34-0 


(first Ba precipitation) 


—- ~~ 
Inorganic 
pyro- Ortho- Other 

ADP AMP phosphate phosphate compounds 
39-9 0 7:3 0 10-3 
21:8 3-7 0 0 5-7 
11-0 0 0 3-0 0 
24-3 9-6 7-4 16-2 9-9 
24-6 0-5 0 28-2 16-6 
24-0 0 0 4-0 0 
59-4 2-3 0 . 0 11-1 
52-0 0 0 0 0 
42-7 5:8 7-2 45 58 
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Concentrated extracts of biological materials 
sometimes contained sufficient Mg and Ca to give an 
additional inorganic phosphate spot located between 
ADP and AMP when run with the ammonia solvent. 
This has been prevented by the addition of 5 yl. 
0-02 m-ethylenediaminetetraacetic acid to the spot 
before final drying. 


Analysis of ATP and ADP preparations 


None of the preparations tested, as will be seen 
from Table 1, was pure. All ATP preparations were 
contaminated with ADP and all ADP preparations 
with ATP. In the best preparations of ATP 11 % of 
the total P was ADP-P and 3 % inorganic phosphate. 
The samples of ADP were prepared by the action of 
adenosinetriphosphatase from pigeon-breast muscle 
or rat-leg muscle on ATP. The difficulty of complete 
hydrolysis of ATP has been noted by Bailey 
(1949). 


Separation of radioactive inorganic phosphates 


Table 2 shows the result of an experiment in 
which KH,**PO, was separated from the three 
adenosine phosphates. It will be seen that 99 % of 
the radioactivity was recovered in the orthophos- 
phate spot, the traces found elsewhere being neg- 
ligible. This degree of separation is satisfactory for 
experiments in which the incorporation of radio- 
active phosphate into adenosine phosphates is 
studied. 
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Equilibrium constant in the myokinase system 


Rough data published by Kalckar (1943) give 
values of 0-37 and 0-25 for the equilibrium constant 
K of the myokinase system, at 30° and pH 7:5: 

[ATP4-] [AMP?-] 

[ADP*-? 
The methods described in this paper permit a more 
accurate measurement of the equilibrium constant 
than was previously possible. The constant was 
determined because its value is of general interest 
in connexion with the free energy of hydrolysis of 
the two pyrophosphate bonds of ATP. 


K. 


Table 2. Separation of isotopic orthophosphate from 
a mixture of adenosine polyphosphates 


(The sample analysed contained 2-10 yg. P of each of the 
four phosphate compounds. The data refer to the radio- 
activity found on various areas of a chromatogram paper 
after running with acid and alkaline solvents consecutively.) 


Percentage 
of total 

Radioactivity radioactivity 
Area of paper (counts/min.) on the paper 
ATP + 0-05 
ADP 12 0-15 
AMP 48 0-6 
Orthophosphate 7705 99-0 
Rest of paper 20 0-2 


Myokinase was prepared according to Kalckar (1943), but 
pigeon-breast muscle was used instead of rabbit muscle. 


Table 3. Myokinase equilibrium at 25° and pH 7-4 


(For experimental conditions see text.) 


Period of Concentration ( x 10-*m) of 
Exp. incubation — K al ATP] [AMP] 
no. (min.) ATP ADP AMP [ADP]? 
1 0 2-04 0-39 2-96 — 
20 1-14 2-28 2-04 0-446 
60 1-10 2-27 2-08 0-445 
90 1-14 2-26 1-92 0-430 
2 0 2-30 0-71 2-06 — 
30 1-54 2-26 1-42 0-428 
90 1-54 2-23 1-28 0-398 
3 0 2-68 0-84 4-50 — 
20 1-51 3°22 3-31 0-484 
30 1-48 3-16 3°31 0-490 
40 1-45 3-19 3-29 0-469 
50 1-51 3-32 3°38 0-458 
60 1-55 3°22 3-31 0-498 
4 0 2-07 3-90 1-07 — 
50 2-48 3°12 1-57 0-400 
60 2-48 3-09 1-53 0-398 
5 0 3°47 5-23 0 — 
20 4-48 3-28 1-06 0-441 
30 4-46 3-30 1-06 0-434 
40 4-50 3-27 1-06 0-446 
60 4-46 3°29 1-06 0-438 


Average 0-444 
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To avoid the presence of inorganic phosphate triethanol- 
amine was used as a buffer. The 0-1 m buffer stock solution of 
pH 7-4 contained 10 ml. 1M-triethanolamine and 6-8 ml. 
1n-HCl in 100 ml. A set of parallel tubes was incubated, 
each containing 0-15-0-6 mg. enzyme protein in a total 
volume of 2 ml. The final concentration of the sum of the 
adenosine phosphates was 5-10 x 10-°m, of MgCl, 0-01m 
and of triethanolamine buffer 0-02. The exact quantities of 
the initial amounts of the adenosine phosphates are given in 
Table 3. At intervals samples were deproteinized with 
0-2 ml. 30% (w/v) trichloroacetic acid and centrifuged at 
2-4°, 15-25 yl. of the supernatants were used for chromato- 
graphy. All analyses were carried out in duplicate which 
generally agreed within 3-4%, except in the AMP deter- 
mination of Exp. 5 when the P values were very low. In this 
case the figure given is the average of eight determinations, 
the range being 0-94-1-18 x 10-°m. 


It will be seen that, irrespective of the initial 
proportions of the adenosine polyphosphates, 
approximately the same value was obtained for the 
equilibrium constant, the average being 0-444. Thus 
the free energy liberated in the hydrolysis of the 
terminal pyrophosphate group under standard 
conditions is 480 cal. greater than that of the second 
pyrophosphate group. 


DISCUSSION 
Cohn & Carter (1950) separate adenosine phosphates 


by ion-exchange resins, which leads to large volumes 
of fluid which are inconvenient for the determina- 
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tion of phosphate and ribose. Alternatively, they 
use paper chromatography with solvents containing 
phosphate which make the simultaneous determina- 
tion of adenosine phosphate and inorganic phosphate 
impossible. Two other methods were published 
after the completion of the present work. Bock & 
Alberty (1951) separate adenosine phosphates by a 
moving boundary method in the Tiselius apparatus, 
and Caldwell (1952) uses two-dimensional paper 
chromatography. The present method is simpler 
than these. 


SUMMARY 


1. A method for separating adenosinetriphos- 
phate, adenosinediphosphate, adenosinemonophos- 
phate and inorganic phosphate by paper chromato- 
graphy is described. Two different solvents are used 
successively to develop the spots in the same 
direction. 

2. The method has been applied to the analysis 
of adenosine phosphate preparations and to the 
determination of the equilibrium constant of the 
myokinase system. The value of K (as defined on 
p. 159) was found to be 0-444. 


The authors are indebted to Dr F. Bergel, Messrs Roche 
Products Ltd., Welwyn Garden City, for gifts of adenosine- 
monophosphate (free acid) and several adenosinetriphos- 
phate preparations. 
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